



















The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 
 
Published by the University of Cape Town (UCT) in terms 












University of Cape Town 
Faculty of Science 
Department of Molecular and Cell Biology 
Limbs gone batty: 
The role of the anterior-posterior patterning 
signal, Sonic Hedgehog, in the 
development of the unique bat limb. 
Oorit Hockman 
Supervisors: Prof. Nicola II ling (MCI3) and Prof. David Jacobs (Zoology) 
Research report 
Submitted in fulfillment of the requirements for the degree of Master of 












"Twinkle, twinkle, little batl 
How I wonder what you're at! 
Up above the world you fly, 
Like a teatray in the sky." 
-The Mad Halter 
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The unique skeletal structure of the bat forelimb and hindlimb provides a new and 
exciting model for the field of evolutionary developmental biology, which seeks to 
reveal the molecular mechanisms behind vertebrate limb diversity. The digits of the 
bat forelimb, excluding the thumb, are considerably elongated and webbed. The 
hindlimb digits are free of webbing and are of uniform length, lacking the 
asymmetrical patterning of the forelimb. In this study, gene expression analysis has 
revealed that changes in the spatial and temporal expression patterns of the anterior-
posterior patterning signal, Sonic hedgehog (Shh), and its downstream target, Patched 
1 (PtcJ), have contributed to the development of the unique bat limb. 
The embryonic development of Miniopterus natalensis (Miniopteridae) is described 
for the first time and the expression patterns of Shh and PtcJ in the developing limbs 
of this species are compared to those in Carollia perspicillata (Phyllostomidae) and 
the mouse. Early in bat limb development (stage 14), Shh expression in the ZPA 
appears to be anteriorly expanded when compared to the mouse. This observation is 
in line with the reported expansion of Fgf8 expression in the AER (Cretekos et al. 
2007) and reveals that an enhancement of the Shh-Fgf positive feedback loop may be 
responsible for the i itial posterior expansion of the bat forelimb. Later in 
development (stage 16) Shh and PtcJ acquire a novel domain of expression within the 
interdigital tissue of both the bat forelimb and hindlimb. These expression patterns 
parallel the reported up-regulation of Fgf8, Gremlin and Bmp2 in the interdigital 
tissue of C. perspicillata (Weatherbee et al. 2006) and support the hypothesis that the 
Shh-Fgfpositive feedback loop is re-initiated in the interdigital tissue of the bat limbs. 
The cell survival and proliferation signals provided by the Shh-Fgf signalling loop 
most likely contribute to the lengthening of the posterior forelimb digits, the survival 
of the tissue between the forelimb digits and the extension of digits 1 and 5 of the 
hindlimb to the same length of the remaining digits. The novel Shh and PtcJ 
expression patterns were observed in both M natalensis and C. perspicillata, 













Hypotheses for the molecular mechanisms of bat limb 
development 
1.1. Introduction 
The order Chiroptera, to which the bats belong, is the second most diverse 
mammalian order after the Rodentia, representing up to a 1000 recognised species 
(Simmons 2001). This incredible diversity can be attributed to the innovations of 
powered flight and echolocation that have allowed bats to invade a niche that no other 
mammal has entered: the night sky. The bat's wings, formed by the skeletal 
modification of its forelimbs, are a biological mystery and the questions of why and 
how wings and powered flight would evolve in the bat ancestor remain topics of 
debate. 
Ecological hypotheses have been developed to answer the question of why powered 
flight evolved in a mammal. These hypotheses are based on the selection pressures 
faced by the putative bat ancestor (reviewed in Speakman 2001). Until recently, the 
question of how bat wings may have evolved was tackled from a purely 
morphological perspective, d scribing skeletal growth during development (Adams 
1992a; Adams 1992b). Current research in the field of evolutionary developmental 
biology is extending this question to a molecular level by searching for changes in the 
genetic composition and regulation of limb development pathways that may allow a 
mammalian forelimb to develop into a wing (Cretekos et al. 2001; Chen et al. 2005; 
Sears et al. 2006; Weatherbee et al. 2006). 
1.2. The unique bat limb 
The unique skeletal structure of bat forelimb consists of a small first digit (thumb), 
considerably elongated second to fifth digits (index finger to pinky) and an elongated 











the forelimb, body and hindlimb allowing the forelimb to be used as u wmg 
(Neuwei ler 2000) (Fig. 1.1). The elongation of the second to fifth digits is Dot due to 
the prcs~!lCe of extra phalanges, as in the elongated digits of the dolphin flipper 
(Richardson & OclschHlger 2(02). Rather, in the bat forelimb th~ third digit is the 
only digit with the typical mammalian pattern of three phalanges, while the fourth and 
fifth digits have only two and the second has a single phalanx (Chen el al. 2(05). The 
extension of the digits is due ruther to the considerable lengthening of the metacarpals 
und the phalanges (Neu\\o'Ciler 2(00) (Fig. 1.1). 
[n addition to these unique felllures of the forelimb, the bat hindlimb is different from 
the typiea[ mammaliuo hindlimb. Unlike the forelimb, the digits of the hindlimb arc 
not elongated, however, the pallerning ulong the anterior-posterior axis (thumb to 
pinkie) is not as distinct as in the torelimb (Fig. 1.1). Due \0 the elongation of the first 
phalanx of the thumb, the digits of the hindlimb l1l!Iy all be ot:arly equal in length 
(Vaughan 1970). Tn some species, such as Carollia perspicillala, the digits of the foot 
arc identical in length (Chen el ai. 2(05), thus lacking aay anterior-posterior 
patterning. It is possible thut this digit structure faci litates the strong grip that bats 
require to perch upside down (Vaughan 1970). 
Fig. 1.1 "'n~tomy of th e b~t forelimb and hiootimb. Doo"s al"1ew of an 'dull Miniopl"",", /Jal~.,mis 
With f""' lm h ;r,o::j hlndl:mo ,,~.., t " 1 ~",m~l1t" ;r,o::j ""ng n"' m t<" "~' irxt "'"t~d I Jig it" 2 to 5 of the forelimb 
"n~ the zeugopoo elaments " ,e Gorlsi~ e rably e k)rlgat€~ re!at",e to digi t 1. the Sly k>\>od 'nd th~ hnJ i rn<l 











1.3. Ecological hypotheses for bat wing development 
Ecological hypotheses seek to explain why the evolution of this unique limb structure 
would have been a selective advantage in a putative bat ancestor. Most models for the 
evolution of wings describe the bat ancestor as an arboreal, nocturnal insectivore 
(reviewed in Speakman 2001). One such model known as the 'reach-hunting' 
hypothesis proposes that the bat ancestor possessed a primitive echolocation s),stem 
and would use its forelimbs to reach out for prey as it flew past in the dark (Speakman 
2001). Elongated, webbed forelimb digits that served as an advantage when clinging 
to trees gained an extra use in netting prey and were eventually adapted for gliding 
and finally for powered flight (Speakman 2001). 
A second similar hypothesis suggests that the bat ancestor's webbed forelimbs were 
first used for gliding rather than as a means to capture insects (Smith 1977 in 
Speakman 2001). Speakman (2001) suggests that this second hypothesis would be 
more likely to occur if the bat ancestor was a diurnal frugivorous animal that used 
gliding as an efficient means of transport from tree to tree. This animal may have 
begun supplementing its diet with insects encountered while gliding and would have 
been forced into the nocturnal realm by the predation forces of birds (Speakman 
2001). 
Evidence for the above ecological hypotheses is lacking. The earliest known bat 
fossils, dating from the early Eocene (49-53 million years ago), provide little support 
for the state of a pre-bat ancestor, as these fossils possess fully formed wings 
(Speakman 2001). Thus, the order of events leading to the evolution of wings in the 
bat is unknown. 
1.4. The morphological development of the bat limb 
Despite this gap in the fossil record of bat evolution, it is possible to answer the 
question of how the unique bat limbs may have evolved by studying the progression 
of limb development in the bat embryo and comparing the developmental patterns to 












modifications in skeletal growth rate and patterning that must have occurred in the 
limbs of the bat ancestor. Skeletogenesis studies (Myotis myotis: Spillman 1925; 
Vespertilio murinus: Schumacher 1932; Myotis myotis: Joller 1977 in Adams 2000; 
Myotis lucifugus: Adams 1992a; Adams 1992b; C. perspicillata: Sears et al. 2006), 
morphological observations of embryonic development (Syconycteris australis: 
Lawrence 1991; Rousettus amplexicaudatus: Giannini et al. 2006; Pipistrellus 
abramus: Tokita 2006) and a timed embryonic staging system (c. perspicillata: 
Cretekos et al. 2005) have characterised the growth patterns of the limbs in the bat 
embryo that underlie the development of the unique structure of the wing and 
hindlimb. 
During the early stages of limb development (stages 12 to 14) the bat forelimb buds 
are very similar to those of equivalently staged mouse embryos (Cretekos et al 2005). 
By stage 15, however, the shape and size of the bat forelimb bud is distinct due a 
posterior-distal expansion of the hand-plate (Chen et al. 2005; Giannini et al. 2006; 
Tokita 2006). In addition, the digital rays of both the hand- and foot-plates are evident 
during these early stages in the bat, while only appearing later in other mammals 
(Lawrence 1991; Tokita 2006). By stage 20 of deVelopment the zeugopod (radius and 
ulna) and autopod (carpals and digits) are noticeably longer than the stylopod 
(humerus) in the developing bat forelimb (Cretekos et al. 2005). This increase in 
length corresponds to an increase in size of the hypertrophic zone, the most mature 
area of the developing bone, in the growing metacarpals (Sears et al. 2006). The size 
of this mature zone relative to the length of the metacarpals is twice as large in the bat 
when compared to an equivalently staged mouse limb (Sears et al. 2006). In addition, 
the cartilage cells in the growth plates of the developing metacarpals show increased 
proliferation in the bat forelimb when compared to the bat hindlimb and the mouse 
forelimb (Sears et al. 2006). Thus, it appears that the bat forelimb increases in length 
through the increase in the number of cartilage cells relative to the hindlimb, and the 
subsequent accelerated maturation of these cells when compared to forelimb growth 
in other mammals. The result is acceleration in the growth rate of the forelimb digits 
relative to the rest of the body when compared to other mammals (Adams 1992b). 
The thumb and the hindlimb digits do not experience this extreme extension. As in 












(Cretekos et al. 2005; Tokita 2006). However, while the hindlimb usually catches up 
to the forelimb in size in other mammals, the hindlimb and the forelimb of C. 
perspicillata never reach an equivalent relative size, due to the posterior extension of 
the forelimb (Cretekos et al. 2005). The only digit of the forelimb that remains 
synchronised in development with the hindlimb digits is the thumb. By stage 19 of 
development the thumb and all the digits of the hindlimb are the same size and 
possess distinct claw primordia at their tips (Cretekos et al. 2005; Tokita 2006), 
indicating an equivalent stage of differentiation. The thumb and hindlimb digits 
continue to resemble each other in size and differentiation throughout development, as 
the posterior digits of the forelimb elongate. These observations and the lack of any 
anterior-posterior patterning in the C. perspicillata hindlimb suggest that the 
molecular mechanisms that lead to the asymmetrical patterning and the extension of 
the posterior digits of the forelimb are absent in the developing thumb and hindlimb. 
1.5. The molecular mechanisms of limb development 
An exploration of the genetics behind limb development in bats is the next step in 
explaining how the unique morphological features of the bat limb evolved. A review 
of the established genetic models for limb development in model organisms, such as 
the mouse and the chicken, will facilitate the identification of candidate genes that 
may play a role in the evolution of bat limbs. Limb development and patterning 
(reviewed in: Mariani & Martin 2003; Tickle 2003; Sanz-Ezquerro & Tickle 2003) 
occurs along three axes: dorsal-ventral (top of hand to palm), proximal-distal 
(shoulder to fingers) and anterior-posterior (thumb to pinkie: digit one to digit five). 
An analysis of the genes involved in the early patterning mechanisms along the last of 
these axes in bats may reveal the factors that are responsible for initiating the process 
of elongation of the posterior digits two to five of the bat forelimb, while leaving the 
thumb short. It is also needed to explain the unusual absence of anterior-posterior 












1.5.1. Sonic Hedgehog and the patterning of the anterior-posterior axis 
Patterning along the anterior-posterior axis is mediated by the zone of polarizing 
activity (ZPA), a group of cells located in the posterior of the distal limb bud. When 
tissue from this region is grafted into the anterior limb bud, hands develop with 
additional digits in a mirror image pattern along the anterior-posterior axis (Saunders 
& Gasseling 1968 in Tickle 2003). It has been proposed that the ZPA mediates 
anterior-posterior patterning by releasing a morphogen that forms a concentration 
gradient, with its strongest concentration in the ZP A and it lowest concentration near 
the developing thumb. Different concentrations of this morphogen would specify 
differing cell fates along the anterior-posterior axis (Wolpert 1969). 
Sonic hedgehog (SHH refers to the protein, Shh refers to the gene/mRNA transcripts) 
has been implicated as the signalling molecule involved in this morphogenic gradient. 
Shh expression is first evident at embryonic day (E) 9.7S of mouse development in the 
posterior cells of the forelimb, corresponding to the position of the ZP A (Echelard et 
al. 1993). As the fore- and hindlimb buds extend posteriorly (E10.S), Shh is expressed 
strongly in the posterior distal mesenchyme (Echelard et al. 1993). This expression 
pattern is down regulated in the E11.S embryo and is absent by E12.S in the mouse 
(Echelard et al. 1993). 
Although Shh RNA is localized to the ZP A, SHH target genes are expressed 
throughout the posterior limb bud (Marigo et al. 1996a). The SHH protein is detected 
over most of the posterior half of the distal limb bud, over a distance of up to 30 cell 
diameters (Lewis et al. 2001), indicating its ability to act as morphogen. When Shh is 
expressed ectopically in the anterior of the limb bud of a chick embryo as well as in 
the posterior, the resultant limb develops with additional digits in a mirror-image 
sequence along the anterior-posterior axis (Riddle et al. 1993). This phenomenon 
indicates that ectopic Shh leads to the formation of a ZP A in the anterior of the limb 
bud (Riddle et al. 1993). The effect of the ectopic Shh on the chick limb bud is dose-
dependent: high concentrations lead to extra digits with posterior identity (digits 4 and 












Recent studies have questioned the hypothesis that a spatial concentration gradient of 
SHH, and thus a spatial gradient of expression of SHH target genes, is sufficient for 
anterior-posterior patterning of the limb bud (reviewed in Zeller 2004 and McGlinn & 
Tabin 2006). Harfe et al. (2004) propose that a combined temporal and spatial 
gradient of SHH signalling mediates anterior-posterior patterning. Using fate-
mapping techniques, Harfe et al. (2004) reveal that the cells of the ZPA that had once 
expressed Shh undergo proliferation and contribute to the entire structure of digit 4 
and 5, and the posterior half of digit 3. Those cells that contribute to digit 3 cease to 
express Shh earlier in development than those contributing to digit 4 or 5 (Harfe et al. 
2004). Thus a temporal gradient in autocrine SHH signalling (SHH producing cells 
signalling to themselves) specifies the identity of digits 3 to 5, with digit 5 being 
exposed to SHH for the longest period (Harfe et al. 2004). The cells that form digit 1 
and 2 are not composed of Shh expressing cells and rely on differential concentrations 
of paracrine SHH (protein produced by neighbouring cells) to specify their identities 
(No SHH: digit 1, low SHH: digit 2; Harfe et al. 2004). 
This temporal model for SHH patterning was confirmed by Scherz et al. (2007) who 
showed that when SHH signalling was inhibited by cyclopamine (an inhibitor of SHH 
signal transduction) early in development, thus shortening the period of SHH 
signalling, only the most anterior digits were specified. Exposure to cyclopamine later 
in development, and thus an increase in the time of uninterrupted SHH signalling, 
restored the presence of digits with posterior identities (Scherz et al. 2007). 
Ahn & Joyner (2004), however, show that although the SHH protein is present for the 
longest period in the posterior limb bud, the cells is this area stop activating the SHH 
target gene, GliJ, before Shh expression is down regulated. Thus a linear temporal 
gradient in SHH presence does not lead to a parallel gradient of SHH target gene 
expression (Ahn & Joyner 2004). These insights show that anterior-posterior 
patterning of the limb bud is likely regulated by three factors: SHH concentration 
gradients, temporal gradients in autocrine signalling and thresholds of responsiveness 
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Fig. 1.2 Factors ~ff~cti"9 SHH anterior.po.le rior patte rning ~clivily in th ~ deve lopi ng limb _boo. 
8M g ~n ~ express ion is located in the zone of poIarizir>g adMty (blad: el lipse), in the po.lerior 1m b-bud 
Th~ SHH prot~in diffu&es aero., lhe .nle.-Or-poste'ior axis of the limb-bLld , with its highest 
G"""""ntration """'- the d ~y~lop i ng di git 5. The protein does oot diffuse as far.s digi t ~. Thi s spati .1 
gradi ~nt i. c()mb ined with a lempc<al gradiehl, ... which (he ee l s of the most posterior digil fi .e are 
€<posed to aut()C,n., SHH signallin g for the loogest peroo of lime, whil e (he 0,.1, of dig it ttyee r<>eei"" 
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par.cn"" SHH .>gnalling. The rr>:lst posterior celis of too d~v~ lop'ng limb-bud ,top ",sponding to the 
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1.5.2. Activation and maintenance of the Sonic Hedgehog signal 
A cis regulatory tegion fot Shh 11Inb-,;pecili~ expre,;~ion hao been identilied 
approximately I megaba~e ( t06 bases) away from the Shh gene, within the [o~u~ of 
lhe rmhrl gene (Sharpe eI at [<)Sl9: Lettice eI al. 2(02). Disruptions in different areas 
of th l ~ locu~ lead to both gain-of:· function phellotype~ (,;uch as cctopic Shh exprc';oioll 
in the anterior limb-bud) and complete loss-of-fundion phenolype~ (los~ of ,,'hh 
expte~,;ion in the limb) ~uggc~ting that this regulatory region may contain both 
r~press.or and cnhancer clements (reviewed in llill 2007 and Zeller & Zuniga 2007). Il 
is possible that thi~ tegulatory region coordinatcs intcraction~ betw~"'n transcription 
activatoro and lhe Shh IOClLS, ensuring dlC production of Shh mRKA in thc pooteriorly 
restriclcd domain oflhe ZPA. 
dHAKD, a basic helix-loop-helix transcription factor. may be responsible for 
activating Shh in the ZPA (rcviewed in Panman & Zeller 2(03)- Inilial dHand 











limb bud (E9.5) (Charite et ai. 2000). In the absence of dHand, Shh expression is not 
activated in the limb bud, while ectopic dHand expression in the anterior of the limb 
bud leads to corresponding ectopic Shh activation and mirror image duplication of the 
posterior digits (Charite et ai. 2000; Femandez-Teran et ai. 2000). 
Once Shh has been activated, this signal is maintained in the ZP A by a positive 
feedback loop between Shh and fibroblast growth factors (Fgf's) produced by the 
most distal cells of the limb bud known as the apical ectodermal ridge (AER) (Laufer 
et ai. 1994; Fig. 1.3). Shh maintains Fgf expression indirectly by activating Gremlin, a 
bone morphogenic protein (Bmp) inhibitor, in the cells anterior to the ZPA (Zuniga et 
ai. 1999). Gremlin in tum inhibits the action of Bmp's in the AER, allowing the 
expression of Fgf's, which would otherwise be down-regulated by Bmp's (Zuniga et 
ai. 1999). The Fgf's in the AER then signal to the ZPA, maintaining Shh expression 
(Fgf4: Niswander et ai. 1994; Fgf8: Vogel et ai. 1996) and cell proliferation in the 
limb bud (Lewandoski et ai. 2000). 
Interestingly, it is likely that Shh activates Gremlin through Bmp2 activation (Nissim 
et ai. 2006) (Fig. 1.3). The Bmps in the developing mesenchyme self-regulate their 
negative influence on Fgf expression in the AER by upregulating an antagonist, 
allowing the limb bud to grow to the required size for digit condensation to occur. 
The Shh-Fgf feedback loop is further self-regulated by the proliferating cells of the 
ZPA (Scherz et ai. 2004). The Shh producing cells of the ZPA and their daughter cells 
are not able to activate Gremlin (Scherz et ai. 2004; Nissim et ai. 2006). As these cells 
multiply they form a barrier between the Shh producing cells and the target Gremlin 
producing mesenchyme cells (Scherz et ai. 2004). In the absence of the Shh signal, 
these cells stop producing Gremlin, breaking the Shh-Fgf feedback loop (Scherz et ai. 
2004). The termination of this signal relay is essential in controlling limb size. If the 
Fgf (Sanz-Ezquerro & Tickle 2003; Lu et ai. 2006) or Gremlin (Scherz et ai. 2004) 
signal is not terminated the hand/foot plate will continue to expand, leading to the 
development of longer digit primordia (Scherz et ai. 2004), extra phalanges (Sans-












Fig. 1.3 The Shh.Fgf _itive feedback loop. Shh (red) in the ZPA activates Bmp2 (blue) in too ZPA 
and surroundirog reUs. Bmp2 then activates G(~mlin (green) In the me..,nchyme 01 the limb bud 
G(9mlin act. to ""tagon;.., Bmp ~ction in too AER. Bmp's usual ly .uppr~5S FgI (mo.-.gel ~xpression in 
the AER, thus the presence 01 G~mlin promote. Fyi expre.sion in the AER. Fgf'., then activate Shh 
""pression in the ZPA. completing the positive feedback loop. The t",1)" arrows indicate the direction 01 
~ction 01 too Shh-Fgf po.~ive feedback loop within th e developing 1mb bud, 
1.5.3. Building the Sonic Hedgehog protein 
Tran~criptional activation and translation lead to toc creation of a SHH protein 
precursor. The active SIlIl protein is created through a process of aUloprotcolytic 
cleavage. in which the protein cleaves itself in half using the cocmical attributes of 
conserved amino acid~ lo<.:ate<.i in th", carboxy-terminal region (Ltt d al. 1994). This 
leads to the addition of a cholesterol tail to the end of t!Jt, res lilting amino-tenninal 
frdgment (Porter d al. 1996) followed by the addition of palmitoyl (repinsly d a/. 
1'198). 
Alterations in the auto·pnxessing and subsequent lipid modifkation of Sill 1 alter the 
dilTusibility and efficiency of the final protein (Lee el al. 1994: I'epinsky el al. 1<,198), 
I.ewis d al. (2001) propose thal inhibition of the chnle~terol modification of SHH 
disrupts SUU diffmion leading to an ahsen<.:e of long-range Sill! signalling in the 
mouse limb bllll In the absence of the chnle~terol tail only the mo~t posterior digits 
lour and five fonn. along v.-ith the Illost anterior digit one (Lewis d at. 2001). 'Ibis 
phenotype slIggesls \hat while SHH short-range signalling i~ occurring in the extreme 
posterior portion of the limb bud. the long-mnge signal n",e<.ied to a<.:tivate the 












that the chol<:8terol tail serves to limil the range of Sllll to Ih~ po,teriol' limb bud 
rather than facilitate it , movement. They ,how they wll<:n the ehole,terol is absent the 
SHH protdn is abl~ to diffusc further towards th~ anterior ofU:>c limb hud, eClopically 
activating SHH larget gene, (Li el al. 2006). These conflicting result~ r~v~al thc 
complicated nature of SHII ,ignalling and point out the need for further research to 
umlersland Ih~ ch~mical m~chanisms behind IhLS palteming: palhway. 
1.5.4. Transduction of the Sonic Hedgehog signal 
The SHH ~ignalling cascaoc within target cells is initiated hy SHH hinding to the ccll-
membran~ receptor Patch~d (PTel) (~Ja,;go e/ ,,/ 199Gb; Stonc el al. 19%). In lh~ 
conv~ntional model tor SHII ,ignalling (Fig:. 1.4) unbound PTCI inhibits the eell-
n)("mhran~ pTot~in Smr:>otocned (SMO) through direct interaction in a receptor 
compkx (Stoneel at 1'!96; MnrorIC e/al. 1()()91 (Fig. 1.4AI. SHH binding inuClivale~ 
PTC! and allow~ th~ SHH ~igna[ to be transduced into th~ cell through a 
conformational chang~ in SMO (Stone e/ al. 1996) (fig. I Ail) . 
A .n eo 
.. 
• l-i :I!lHIl!lM 
B 
Fig. 1.4 Th e convention al model of SHH sign alling. A) In th • • hsen o~ 01 SHH, SMO and PTC1 fonn 
a receptor compl ex in wri ch PTC 1 inht>its SMO, As a result, the transcription of SHH target genes is 
inhibited by the repressor form (R) 01 GLl3, B) Upon SHH hinding to PTC1 SMO i. r~ t~as. d from PTCl 
inhibitiM aoo in'~iate. a signa l ing oa~ that .,ad. to t~ pmmotioo of th . aclivator /co"m (A) of GLl3 











Recently, Rohatgi et al. (2007) revealed an alternative mechanism of SHH signalling 
by monitoring the movements of PTC1 and SMO in the primary cilia (cell surface 
projections involved in detecting signals) of mammalian cells. They showed that in 
the absence of SHH, PTC1 is present at the base of the cilia and along their shafts, 
while SMO is absent from these structures. SHH binding leads to the loss of PTC 1 
from the cilia while SMO presence increases. These results suggest that PTC 1 inhibits 
the SHH pathway by excluding SMO from the primary cilia, and that SHH binding to 
PTC1 leads to the activation of SMO through the removal of PTC1 from these 
structures (Rohatgi et al. 2007). 
SHH signal transduction within the cells of the developing limb occurs through the 
regulation of the state of the transcription factor GLI3, which in the absence of SHH 
acts as a repressor of SHH target genes (Ingham & McMahon 2001) (Fig. 1.4A). The 
presence of elevated levels of SHH signalling ensures that GLI3 takes the form of an 
activator of SHH targets rather than a repressor (Aza-Blanc et al. 1997) (Fig. l.4B). 
The gradient of SHH across the limb bud results in opposing gradients of GLI3 
repressor and activator forms, with the repressor at its highest in the anterior where 
SHH is completely absent, and the activator highest in the posterior where the SHH 
signal is the strongest (Wang et al. 2000). 
In the absence of functional SHH, only the repressor form of GLI3 is present 
(Litingtung et al. 2002). As a result a single unidentifiable cartilage element forms in 
the hand, while the foot consists of a single digit, identifiable as the first digit (Kraus 
et al. 2001; Chiang et al. 2001; Litingtung et al. 2002). A lack of functional GLI3 
results in the development of a polydactylous limb (over five digits), with digits that 
are indistinguishable from one another in identity (Litingtung et al. 2002). A similar 
result occurs when both SHH and GLI3 are absent (Litingtung et al. 2002). These 
phenotypes indicate that the balance between GLI3 repressor and activator forms, 
mediated by SHH, is essential for the creation of a pentadactylous limb (five digits) 
with anterior-posterior asymmetry. 
The suite of SHH targets activated by GLI3 genes include the SHH receptor gene, 
Ptcl (Marigo et al. 1996a). In the mouse Ptcl expression overlaps that of Shh as both 












anterior than the ZPA restricted Shh expression pattern (Goodrich et al. 1996). Ptel 
gene expression, therefore, provides a measure of the extent of SHH protein diffusion 
across the limb-bud, indicating which cells are activating SHH targets (Marigo et at. 
1996a). PTCI has been proposed to function not only as a receptor for SHH, but also 
as a regulator of SHH movement. In developing Drosophila wings (Chen & Struhl 
1996) and the developing mouse limb (Lewis et al. 2001), high levels of PTC 1 are 
able to impede the movement of SHH across the A-P axis. By upregulating Ptcl, 
SHH limits its own range of action. 
The Shh pathway has also been implicated in the regulation of the 5' Hoxd genes, a 
set of important anterior-posterior patterning genes, in a feedback loop mechanism 
(Zakany et at. 2004). The expression pattern of the 5' Hoxd genes in the developing 
hand or foot has been divided into two phases (Nelson et al. 1996). In the first phase 
Hoxd9 through to Hoxd13 are sequentially activated in the proximal-distal limb bud in 
a nested concentric pattern, with Hoxd13 expression confmed to the most posterior 
position. In the second phase Hoxd13 is expressed in a wider expression pattern, 
extending to the anterior of the limb bud. Zakany et al. (2004) suggest that activation 
of a first phase of 5' Hoxd genes in a collinear pattern, leads to the activation of 
dHand and subsequently Shh in the ZPA. A feedback loop between Shh and the 5' 
Hoxd genes mediates the second phase of the 5' Hoxd gene expression pattern, 
possibly though an enhancer element known as the global control region located 
upstream of the Hoxd cluster (Spitz etal. 2003). 
1.6. Hypotheses for the role of Sonic Hedgehog and early anterior-
posterior patterning in bat limb development 
Carroll et al. (2005) suggest that alterations in the spatial and temporal regulation of 
key limb patterning genes has allowed the diversification of limb morphology among 
the vertebrates. This hypothesis is supported by recent studies that implicate changes 
in the regulation of the Shh pathway in the loss of the hindlimb in cetaceans and in the 
variation in digit number in lizards. In the dolphin embryo hindlimb development is 
initiated and an AER forms but this limb bud degenerates early in development 












maintained in the developing dolphin forelimb, this signal is never present in the 
hindlimb bud. The Shh signal is required to maintain Fgf expression in the AER and 
limb outgrowth, thus in its absence limb development is terminated (Thewissen et al. 
2006). The duration of Shh expression, rather than its absence or presence, has been 
implicated in the diversity of digit number in the lizard genus Hemiergis (Shapiro et 
al. 2003). A short Shh expression period leads to the development of only two digits 
in H quadrilineata, while a longer duration of expression leads to the growth of five 
digits in H initialis and is associated with an increase in cell proliferation (Shapiro et 
al.2003). 
Cretekos et al. (2001) propose that similar alterations in the spatial and temporal 
regulation of key limb development genes are responsible for the evolution of the 
unique bat limbs. Recent studies of the molecular mechanisms of limb development in 
both the mouse (Bandyopadhyay et al. 2006) and the bat (Chen et al. 2005; Sears et 
al. 2006; Weatherbee et al. 2006; Cretekos et al. 2007) reveal that the Shh pathway is 
a suitable candidate for such changes during bat limb development. 
In their analysis of the role of Bmps in mouse limb development Bandyopadhyay et 
al. (2006) show that in the absence of both Bmp2 and Bmp4 the limb bud is expanded 
posteriorly and the interdigital mesenchyme is retained. This phenotype is reminiscent 
of the posteriorly expanded, webbed bat wing. In the Bmp mutants, the survival of the 
interdigital tissue is due to a lack of an apoptotic signal, usually provided by Bmps 
(Zou et al. 1996), while the posterior expansion can be explained in terms of the Shh-
Fig feedback loop. Bandyopadhyay et al. (2006) show that this expansion is 
correlated with the enlargement of both the Shh and Fgf8 expression domains in the 
ZP A and AER respectively. In addition, both Shh and Fgf8 expression persist longer 
in the Bmp mutants than in wildtype embryos (Shh: EI2.5, Fgf8: EI5.5; 
Bandyopadhyay et al. 2006). Bmp antagonism usually suppresses Fgf expression in 
the AER (Zuniga et al. 1999). Thus in the absence of this antagonism, Fgf expression 
is expanded in time and space. Due to the positive effect of Fgf's on the Shh signal 
(Niswander et al. 1994) the Shh domain also experiences this expansion. This 
enhancement of the Shh-Fgffeedback loop leads to an increase in the number of cells 












In their study of wing development in C. perspicillata, Cretekos et al. (2007) and 
Weatherbee et al. (2006) also report changes in the expression patterns of key players 
in the Shh-Fgf feedback loop: the cell survival signal, Fgf8, and the Bmp inhibitor, 
Gremlin. Cretekos et al. (2007) show that Fgf8 expression is first detected in the AER 
of stage 12 and 13 C. perspicillata forelimbs and hindlimbs respectively and persists 
until stage 15. Throughout this expression period, the width of Fgf8 expression in the 
forelimb AER is 2.7 times greater in the bat than in equivalently staged mouse 
forelimbs (Cretekos et al. 2007). 
Later in development, stage 16 and 17, Weatherbee et al. (2006) report novel domains 
for both Fgf8 and Gremlin expression in the bat forelimb. Gremlin expression in 
developing limb buds is usually down-regulated at the time of interdigital apoptosis 
and Flg8 expression remains confined to the AER (Scherz et al. 2004). However, 
during C. perspicillata development, Weatherbee et ai. (2006) show that both 
Gremlin and Fgf8 are present in the interdigital tissue of the forelimb (Weatherbee et 
ai. 2006). Weatherbee et ai. (2006) suggest that Gremlin and Fgf8 serve to block the 
cell death signal in the interdigital tissue of the forelimb. 
In light of the results reported by Bandyopadhyay et al. (2006), it is possible that the 
expanded Fgf8 and Gremlin expression patterns reported by Cretekos et ai. (2007) 
and Weatherbee et ai. (2006) are the result of an enhancement of the Shh-Fgf 
feedback loop. As in Bandyopadhyay et ai. (2006), an enhancement of this signal 
relay may be responsible for the posterior expansion of the bat forelimb bud, as well 
as allowing the survival of the interdigital tissue. If this is so, one would expect to find 
alterations in the expression domains of Shh and its downstream targets especially in 
the posterior of the bat forelimb at the stages at which this expansion begins (stages 
14-16). 
Chen et al. (2005) report such changes in the expression patterns of the Shh target 
gene, Hoxd13, in the developing limbs of C. perspicillata when compared to the 
mouse. While in the forelimbs of both animals, the early (stage 13) posterior restricted 
expression patterns of Hoxd13 are very similar, later (Stage 14-15) Hoxd13 
expression is shifted towards the posterior in the developing hand of the bat when 












upstream of this second phase of Hoxd13 expression (Spitz et al. 2003), it is possible 
that this posterior shift in Hoxd13 expression is the result of change in Shh expression. 
While changes in the expression patterns of the genes involved in the Shh-Fgf 
feedback loop implies a role for early patterning in the development of the unique bat 
limb anatomy, Sears et al. (2006) suggest that changes in the regulation of cartilage 
growth, rather than early patterning, are responsible for the extension on the bat 
forelimb digits. Sears et al. (2006) suggest that elongation of the bat forelimb digits 
relative to developing mouse digits begins at stage 20 of bat development and that 
prior to this stage the early digit primordia of the mouse and bat forelimb are similar 
in size. They show that at stage 20 of development the mRNA expression and protein 
levels of the growth factor Bmp2 are higher in the bat metacarpals than in the bat 
hindlimb or mouse forelimb (Sears et al. 2006). In addition, Sears et al. (2006) show a 
distinct increase in the size of the hypertrophic zone and an increase in cell 
proliferation in the growth plate of the bat metacarpals at stage 20, when compared to 
that of the mouse metacarpals. This study suggests th t a change in Bmp2 expression 
at stage 20 of bat development, possibly through changes in the cis-regulation of the 
bat Bmp gene, stimulates the faster growth rate of the bat forelimb digits relative to 
the mouse, and thus is responsible for the elongation of the bat digits. 
Sears et al. (2006), however, ignore the fact that the developing bat forelimb bud is 
clearly posteriorly expanded relative to the mouse forelimb as early as stage 15 (Chen 
et al. 2005). It is possible that the higher levels of Bmp2 in the bat forelimb bud 
relative to the mouse forelimb and bat hindlimb bud at stage 20 are due to the larger 
relative size of the bat forelimb bud, rather than due to a change in the regulation of 
Bmp2. An early increase in the number of cells of the forelimb bud, as a result of an 
enhancement of the Shh-Fgf feedback loop, could lead to higher concentrations of 
Bmp2later in development as there would be more cells to produce this growth factor. 
While an enhancement of the Shh-Fgf feedback loop may explain the posterior 
expansion of the bat forelimb and subsequent lengthening and webbing of the digits, 
an alternative hypothesis is needed to explain the lack of these features and the loss of 
anterior-posterior patterning in the bat hindlimb. An expansion of the Shh expression 












across the limb bud may lead to the loss of anterior-posterior polarity in the 
expression pattern of downstream genes and thus the loss of asymmetrical patterning 
along this axis. The resulting digits would be identical in length. 
The expression pattern of Hoxd13 in the bat hindlimb is evidence that such a change 
may have occurred. Chen et al. (2005) showed that the early posterior restricted 
HoxdJ3 expression was absent (stage 13-14), while the second phase of Hoxd13 
expression, in which the protein is expressed along the anterior-posterior axis, was 
present (stage 15-16). This late Hoxd13 expression, however, was detected uniformly 
along the anterior-posterior axis of the hindlimb bud, rather than in a gradient from 
posterior to anterior as in the mouse (Chen et al. 2005). This lack of polarity in the 
Hoxd13 expression pattern may be due to a change in Shh expression, and may be 
responsible for the lack of differential identity of the hindlimb digits. 
The hypothesised changes in Shh expression in both the forelimb and the hindlimb of 
the developing bat limb could be achieved through alterations in the limb specific cis-
regulatory region for Shh, without affecting the SHH protein structure. Different 
changes occurring in separate forelimb and hindlimb specific regulatory regions could 
have resulted in the distinct skeletal patterns evident in the bat forelimb and hindlimb. 
1.7. Study aims 
The aim of this study was to test the hypothesis that the Shh expression pattern is 
altered during bat limb development. The expression patterns of Shh and its 
downstream target, Ptc1, were characterised in the developing limbs of the Natal 
clinging bat, Miniopterus natalensis (previously Miniopterus schreibersii natalensis: 
Simmons 2005, Miller-Butterworth et al. 2005) and the short-tailed fruit bat Carollia 
perspicillata. M natalensis is a member of the chiropteran sub-order 
Verspertilioniformes and is found within the super-family Vespertilionoidea (Eick et 
al. 2005) and the family Miniopteridae (Miller-Butterworth et al. 2007). C. 
perspicillata belongs to the same sub-order and is part of the super-family 
Noctilionoidea and the family Phyllostomidae (Eick et al. 2005). The Noctilionoidea 












million years ago (Miller-Butterworth et al. 2007). The dual analysis of these two 
super-families will expose whether the programme for limb development is constant 
within the Verspertilioniformes and, if so, would support the monophyly of 
Verspertilioniformes (Teeling et al. 2005, Eick et al. 2005). 
The embryonic development of M natalensis has not been previously described. In 
this study, the detailed staging system developed for C. perspicillata (Cretekos et al. 
2005) was used to characterise embryonic development in M natalensis. The 
progression of limb growth in M natalensis was then compared to that in the mouse 
to reveal when critical differences in limb bud shape and size become apparent. Shh 
and PtcJ expression patterns were then analysed at these stages of development. 
Regions of Shh and PtcJ were amplified from cDNA by PCR, cloned and used as 
templates for RNA probes. The probes were used in the whole mount in situ 
hybridisation procedure to reveal Shh and PtcJ expression patterns in M natalensis, 
C. perspicillata and the mouse. Expression patterns in the limbs of the two bat species 
were compared to one another and to those in equivalently staged mouse embryos to 
determine if bat-specific changes in gene expression are evident both between the bat 













A comparison of embryonic development in Miniopterus 
nata/ensis with that in Carollia perspicillata and the mouse 
2.1. Introduction 
The progression of limb development during embryonic growth is very well described 
for the mouse (Martin 1990; Kaufman 1992) and, recently, Cretekos et al. (2005) 
provided a detailed description of embryonic development and limb growth for the 
short tailed fruit bat, Carollia perspicillata. However, embryonic development in 
Miniopterus natalensis, during the stages of limb bud initiation and growth, has never 
been described in detail. An embryonic staging system similar to that developed for C. 
perspicillata through the timed mating of captive-bred bats (Cretekos et al. 2005), 
could not be done for M natalensis because this species does not survive in captivity. 
Thus, M natalensis embryos were obtained from the wild and staged using the C. 
perspicillata staging system, which is based on the classic Carnegie system for human 
development (Cretekos et al. 2005). Progesterone levels were recorded for the 
pregnant M natalensis females at the time of capture to determine if a correlation 
exists between maternal progesterone levels and the stage of embryonic development. 
If so, these recordings may provide a less invasive indicator of embryonic stage for 
future studies. 
The progress of embryonic development in M natalensis was compared to that 
described for C. perspicillata (Cretekos et al 2005) and Pipistrellus abram us (Tokita 
2006) to determine when species-specific differences in adult morphology, such as 
differences in tail length and body size, become evident during embryonic 
development. In addition, the pattern of limb growth in M natalensis was compared 
to equivalently staged mouse embryos to establish when in development limb bud 
shape and size begin to differ between bats and mice. Mouse and C. perspicillata 
embryos at these critical stages of limb development were collected to be used 












2.2. Background information on M. natalensis and C. perspicillata 
2.2.1 Ecology of M. natalensis and C. perspicillata 
M natalensis is an insectivorous species with a wide distribution in Africa, extending 
from South Africa to Sudan and south-western Arabia (Simmons 2005). C. 
perspicillata is primarily a fruit eating species and is distributed throughout the 
neotropics from northern Argentina to Southern Mexico (Cloutier & Thomas 1992) 
where it is probably the most abundant mammal (Cretekos et al. 2005). Both species 
are generalists in their choice of foraging habitats, feeding both within the under-story 
of forests and at the forest edge or in the open (Fleming 1988; Jacobs 1999). They 
possess wings with moderate to low wing loading (weight/wing area), allowing for 
increased manoeuvrability within the cluttered forest under-story (7.4 N/m2 for M 
natalensis (Miller-Butterworth et al. 2005); 11.4 N/m2 for C. perspicillata (Norberg & 
Rayner 1987». The aspect ratio (wingspan21 area) measurements for both species are 
also moderate to low, allowing for increased aerodynamic efficiency when flying in 
both cluttered and open habitats (6.6 for M natalensis (Jacobs 1999); 6.1 for C. 
perspicillata (Norberg & Rayner 1987». 
2.2.2. Reproductive cycle of M. natalensis in relation to seasonal 
migratory patterns 
Little information exists on the reproductive cycle of the M natalensis population at 
De Hoop Nature Reserve, Western Cape, which was the focus of this study. However, 
the reproductive cycle of the M natalensis populations in the Limpopo and Gauteng 
provinces (the old Transvaal province) and Kwazulu Natal have been studied in detail. 
Links between reproductive cycle and migratory patterns have been established for 
the Transvaal population (van der Merwe & van Aarde 1989). The information 
provided for these populations was combined with field observations of the De Hoop 
population to estimate when pregnancy and early limb bud stages of embryonic 












M natalensis breeds once a year. Copulation in the Transvaal population occurs from 
mid-February to the beginning of May after migration to winter hibernacula (van der 
Merwe 1986). Fertilisation is followed by a period of delayed implantation during 
which the bilaminar blastocyst floats freely within the lumen of the uterus in an 
inactive state (Bernard 1980; Bernard et al. 1996). Implantation of the embryo occurs 
from the beginning of July to mid-August (van der Merwe 1979). At the end of July 
the Transvaal populations migrate to northern maternity caves where pregnancy 
progresses and parturition occurs (van der Merwe 1975). Early limb-bud stage 
embryos were recorded in the middle of September for the Transvaal (van der Merwe 
& van Aarde 1989) and Kwazulu Natal populations (Bernard 1980). The overall 
gestation period for M natalensis is about eight months, with birth occurring in 
December (Taylor 2000). 
Observations of the De Hoop population suggest that this community follows similar 
seasonal migratory patterns to the Transvaal population. M natalensis migrates 
seasonally between unknown winter hibernacula and summer maternity roosts, using 
De Hoop primarily as a summer roost (McDonald et al. 1990; Mills & Hess 1997; 
Miller-Butterworth et al. 2003) where maternity colonies of up to 100 000 pregnant 
females are found (Taylor 2000). In early April, both females and males are present at 
De Hoop (personal observation) however by May the majority of M natalensis 
females have left (M.H. Walker, personal communication). In mid-August, very few 
females are present at the De Hoop cave suggesting that pregnant females have not 
yet returned from winter hibernacula (personal observation). By the end of August, 
however, the numbers of M natalensis at De Hoop increase greatly (M.H. Walker, 
personal communication). Using these field observations and the observations for the 
Transvaal and Kwazulu Natal populations, it was assumed that the pregnant females 
would return to De Hoop by mid-September and would be carrying early limb bud 
stage embryos. 
van der Merwe & van Aarde (1989) note that for the Transvaal population 
implantation of the embryo coincides with a peak in maternal plasma progesterone 
concentrations. This peak is followed by a drop in progesterone levels and another 
peak was recorded after the limb bud stages of development (van der Merwe & van 












not peak at implantation but rather rises steadily from implantation to just before 
parturition (Bernard et al. 1991). In this study, maternal plasma progesterone levels 
were determined for both pregnant and non-pregnant females at De Hoop during 
September and November respectively. These measurements would give a fine 
resolution of the changes in progesterone levels over the period of limb development 
and reveal if any correlation exists between progesterone levels and stage of 
embryonic development. 
2.2.3. Reproductive cycle of C. perspicillata 
C. perspicillata breeds twice a year in the wild (Cloutier & Thomas 1992), with a 
gestation period of 113 to 120 days (Rasweiler & Badwaik 1997). On the island of 
Trinidad, where samples were collected for this study, the first pregnancy begins 
around September and parturition occurs in March or April after a period of 
developmental delay at the primitive streak stage (Rasweiler & Badwaik 1997). 
Females then conceive again during a post-partum oestrus (Chen et al. 2005). This 
second pregnancy does not include a developmental delay (Chen et al. 2005). 
2.3. Materials and Methods 
2.3.1. Field collection of M. natalensis and C. Perspicillata embryos 
M natalensis specimens for this study were collected from the 8th to the 24th 
September 2006 from De Hoop Nature Reserve, Western Cape Province, South Africa 
(Western Cape Nature Conservation Board permit number: AAA004-00030-0035; 
VCT Faculty of Science Animal Experimentation Committee application number: 
2006N4/DJ). Pregnant females were caught by placing a harptrap (Austbat & 
Faunatech, Victoria, Australia) just below the main entrance to the De Hoop Guano 
cave (34°26'S; 20025'E) during the evening emergence. The harptrap was placed far 
enough from the cave entrance to ensure that emergence was not hindered. 
Reproductive females were identified by the presence of well-developed, naked 












palpating the abdomen of the specimen to assess the size of the swollen uterus (Racey 
1969). 
Prior to euthanasia, hind foot and total body length measurements were taken to 
ensure that each specimen was M natalensis and not M fraterculus, a 
morphologically similar species known to share roosts with M natalensis (Taylor 
2000). The measurements were inserted into the field identification equation provided 
by Stoftberg et al. (2004). Each specimen was then weighed, anaesthetised by 
halothane inhalation and subsequently killed by decapitation. 
The uterus was removed and both length (longest diameter) and width (greatest 
diameter perpendicular to the length) measurements were taken. The uterus was 
dissected in diethyl pyrocarbonate (DEPC)-treated Ix phosphate buffered saline 
(PBS) to expose the embryo encased within the foetal membranes. The crown-rump 
length of the embryo was taken prior to removing the foetal membranes. The embryo 
was staged using the staging system provided by Cretekos et al. (2005). The progress 
of limb development was used as the key feature for determining the stage of 
development. 
The majority of the embryos and the extra embryonic membranes (EEM), including 
the uterus, were placed in 4% paraformaldehyde (PF A, Sigma) in DEPC PBS for 
fixation overnight at 4DC. Following fixation, the embryos and EEM were dehydrated 
through a methanol series for storage at _20DC in 100% methanol. These embryos and 
EEM would be used for gene expression analysis by whole mount in situ 
hybridisation (Chapter 3). A selection of embryos from late stage 13 (13L) to stage 
17, and all the embryos from stage 18 to stage 20 were placed in RNAlater (Qiagen) 
overnight at 4DC and subsequently moved to _20DC and later to -80DC, upon return 
from the field. These embryos were used as sources of RNA for both this study and a 
concurrent microarray study. PF A fixed embryos were photographed using a Nikon 
SMZ1500 stereoscopic zoom microscope fitted with a Nikon DS-U2 camera control 
unit and a Nikon DS-5Mc camera head (Nikon Instruments Inc., New York, U.S.A.). 
Photographs were formatted using NIS-Elements image capture software (Nikon 












Carollia perspicillata embryos used in this study were supplied by Dr. Behringer 
(University of Texas M.D. Anderson Cancer Centre, Houston, Texas). These embryos 
were collected on the island of Trinidad in either February or May of 2003 to 2006. 
The samples were collected and exported with the permission of the Wildlife Section, 
Forestry Division of the Ministry of Agriculture, Land and Marine Resources of the 
Republic of Trinidad and Tobago. Pregnant females were collected using hand-nets 
from colonies found roosting in caves, abandoned houses and water towers in the area 
of St. Augustine (10° 39' N, 61° 24' W). Specimens were killed by cervical 
dislocation and the reproductive tracts were dissected and fixed as described above for 
M natalensis to be used for gene expression analysis by whole mount in situ 
hybridisation (Chapter 3). 
2.3.2. M. natalensis maternal plasma progesterone analysis 
In September 2006 blood was collected from the neck of the pregnant M natalensis 
specimens after decapitation for use in progesterone analysis. In November 2006 
additional blood samples were taken from non-pregnant females assumed to be 
suckling young due to the presence of large naked nipples and from non-reproductive 
females that lacked obvious nipples. During this additional sampling session blood 
was collected from the vein running parallel to the leading edge of the propatagium 
after warming the specimen on a heated blanket. The vein was punctured with a sterile 
needle and blood was collected using heparinised capillary tubes. All blood samples 
were centrifuged at high speed for seven minutes to obtain plasma, which was stored 
at -20°C for progesterone analysis by the National Health Laboratory Services at 
Groote Schuur Hospital, Cape Town. Plasma Progesterone was measured on the 
MODULAR E170 automated electrochemiluminescent immunoasssay system 
(Roche). 
The means and standard error of the means for the progesterone readings for each 
stage of limb development and for the non-pregnant females were plotted using 
STATISTICA (Satsoft, version 7) to determine if a trend was visible in the change of 












2.3.3. Acquisition of mouse embryos 
Mouse embryos were obtained from the Animal Unit at the University of Cape Town 
Medical School (Animal Ethics Committee application number: 006/040). Mature 
female mice (ICR strain) were placed in cages with males and checked for vaginal 
plugs the following day. Midnight of the day prior to the appearance of a vaginal plug 
was defined as time zero of development (EO). Pregnant mice were sacrificed at 
midnight to obtain embryos aged E10.0, El1.0, E12.0 and E13.0 while embryos aged 
E10.5, El1.5, E12.5 and E13.5 were obtained from pregnant females sacrificed at 
midday. Pregnant mice were anesthetised by halothane inhalation and subsequently 
killed by cervical dislocation. The reproductive tract was dissected and the embryos 
were fixed, stored and photographed as described above. The stage of embryonic 
development was confirmed by comparing the progress of limb growth to the staging 
systems provided by Martin (1990) and Kaufman (1992). 
2.4. Results 
2.4.1. Staging and measurements of M. nata/ensis embryos and analysis 
of maternal plasma progesterone levels 
All of the bats captured and examined were M natalensis specimens according to the 
field identification system provided by Stoffberg et al. (2004). A total of 60 M 
natalensis specimens were sacrificed and 53 embryos were obtained. Most of the M 
natalensis embryos could easily be assigned to a distinct stage using the C. 
perspicillata staging system (Cretekos et al. 2005). Some of the embryos were placed 
in early or late stage categories (e.g. l2E: early; 13L: late; l5VE: very early) based on 












Table 2.1 Staging and measurements for M. nata/ensis embryos including the date that each stage was first obtained in 
the field in September 2006, the key limb features used to determine the stage based on Cretekos at a/. (2005) and the 
number of specimens obtained for each stage. The average uterus and crown-rump measurements are shown in bold 
(:tstandard deviation) with the range of measurements given below. 
Stage Date Key limb bud features No. Uterus width Uterus length Crown-rump embryos (mm) (mm) length (mm) 
11 09/09 No limb buds present. 3.00 
12E 09/09 Forelimb bud (Fib) protrudes slightly. 2 4.00 (+1- 0.71) 1.81 (+1- 0.20)" 
3.5-4.0 
12 09/0S Fib forms a distinct bulge In body wall. 4.50 2.79* 
13 09/10 Fib extends along proximal-distal axis forming a semi-
circular bulge; AER is present; hindlimb bud (Hlb) 
6.00 5.50 
present. 
13L 09/09 Anterior side of Fib lengthens; Hlb forms a semi- 8 5.50 (+1- 0.41) 5.25 (+1- 0.27) 
circular bulge. 
5.0 - 6.0 5.0 - 5.5 
14E 09/08 Fib is longer than it is wide; a flexure in the forelimb 2 5.50 6.00 
bud divides the proximal from the distal limb bud; 
Hlb AER present. 
14 09/08 Fib lengthens further along proximal-distal axis; 3 6.33 (+1- 0.58) 10.50 5.75 (+1- 0.35) 
propatagium primordium present as bulge on Fib 
6.0 -7.0 5.5 - 6.0 proximal-anterior edge; anterior side of Hlb 
lengthens. 
14L 09/15 Plagiopatagium primordium (Pip) present as bulge on 4 6.5 (+1- 0.71) 10.50 6.75 (+/-1.19) 
Fib proximal-posterior edge; distal Fib widens along 5.5 -7.0 5.5 - 8.0 
anterior-posterior axis; anterior side of Hlb 
lengthens further forming an asymmetrical bud. 
15VE 09/16 Symmetrical hand plate forms; distal Hlb widens along 3 7.00 10.25 (+/-1.06) 6.67 (+1- 0.29) 
anterlor-posterior axis. 
9.5 - 11.0 6.5 -7.0 
15E 09/15 Thumb primordium protrudes from anterior hand 2 8.25 (+1- 0.35) 11.00 7.75 (+1- 0.35) 
plate, posterior hand plate expands; symmetrical 
8.0 - 8.5 7.5 - 8.0 foot plate forms. 
15 09/15 Further expansion of posterior hand plate; Pip bulges 5 8.10 (+1- 0.22) 11.17 (+1- 0.76) 8.06 (+1- 0.56) 
further outwards; further anterlor- posterior 8.0 - 8.5 10.5-12.0 7.5 - 9.0 
expansion of foot plate. 
16VE & E 09/10 Digit condensations visible in hand plate; edge of 3 8.00 (+1-1.32) 11.00 8.50 (+1- 0.50) 
interdlgital tissue between digits 4 and 5 takes on 
7.0 - 9.5 8.0 - 9.0 slight convex shape; further anterior- posterior 
expansion of foot plate. 
16 09/18 Digit primordia extend slightly beyond hand plate 5 8.70 (+1- 0.45) 12.30 (+1- 0.76) 9.5 (+1- 0.35) 
edge resulting in a wavy appearance; foot plate 8.0 - 9.0 12.0-13.0 9.0 - 10.0 
digit condensations visible. 
16L 09/17 Pip extends over the edge of the hand plate; 
interdigital tissue of foot plate begins to recede 
4 9.13 (+1- 0.63) 12.50 (+1- 1.00) 9.75 (+1- 0.29) 
resulting in a "scalloped" appearance. 8.5 - 10.0 11.0 - 13.0 9.5 - 10.0 
17E 09/17 Interdigital tissue between the thumb and digit 2 2 9.00 12.75 (+1- 1.06) 9.5 (+1- 0.71) 
begins to recede; apoptosis of foot plate interdigital 12.0 - 13.5 9.0 - 10.0 
tissue advances. 
17 09/17 Interdigital tissue between the thumb and digit 2 5 8.8 (+1. 0.57) 12.38 (+1- 1.18) 10.6 (+1. 0.42) 
recedes further; tips of foot plate digits are free. 8.0 - 9.5 11.5-14.0 10.0-11.0 
18E 09/23 Thumb completely free; foot plate interdigital tissue 9.00 14.00 11.00 
receded a quarter of the way along the digits. 
18L 09/17 Third digit of hand lengthens; foot plate interdigital 10.50 16.00 12.00 
tissue receded half way along the digits. 
20 09/24 Digits of the hand lengthen and curve inwards; digits 10.00 14.00 15.00 
of the foot are comeletel~ free . 












The embryos ranged from sUlge II to sUlge 20 of development. with the yonngest 
ohtained early in September and the olde~t in late September (Table 2.1). Roth the 
uteru~ dimensions and embryo cnw.!Jl-rump length increased at a con~tant rate with 
increasing embryonic age (Table 2.1; :r ig. 2,1), Maternal plasma progesterone levels 
increased steadily during development. peaking at sUlge 17 and dropping after 
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Fig. 2.1 Chang~s in tho> m~an ~mbryonic crown-rurnp length during development lor M. n~ttJlensis 
(black), C. pel~pici~ata (red: aller Cretekos 01 111, 2005) aod p, a/Jrorous (blue; oofI", Tokita 2()()6). Error 
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Fig. 2.2 Mean maternal plasma progesterone levels for M. nata/ensis during the early stages of 
embryonic development and while lactating. NR indicates samples taken from non-reproductive females. 
identified by the lack of conspicuous nipples. Error bars indicate the standard error of the mean when 
more than one measurement was available. 
2.4.2. Detailed description of staged M. nata/ensis specimens 
The appearance of the M natalensis embryos at each stage of development was 
described in detail to compare the progression of limb development to that in the 
mouse and to determine when differences in limb bud size and shape become apparent 
between bats and mice. Although one stage 11 embryo was identified by visual 
inspection, this sample was not available for analysis as it was damaged during 
dissection. Embryos older than stage 17 were placed in RNAlater (Qiagen) for a 
concurrent microarray project and became deformed before a photograph was taken. 
Thus the detailed descriptions of M natalensis development below include only 












2.4.2.1. Stage 12 
Early in this stage the embryo is curved into a tight corkscrew-like curl, and the 
forelimb buds are visible as very slight projections from the flank (data not shown). 
As the stage progresses the curl of the embryo relaxes slightly and the forelimb buds 
are present as distinct semi-circular protrusions from the flank at the point of 
curvature of the embryo (Fig. 2.3A). The tail bud is present as a caudal projection and 
is bordered at its base by expanding flank on either side, which will form the hindlimb 
buds in the following stage (Fig. 2.3B; Fig. 2.4B). Three pharyngeal arches 
(mandibular, hyoid and glossopharyngeal) are present on either side of the developing 
cranial region, with the distal end of the glossopharyngeal arch hidden beneath that of 
the hyoid arch (Fig. 2.3A). The otic vesicles are visible as a tear-drop shaped 'sacs' 
just dorsal of the pharyngeal arches (Fig. 2.3A and C) and optic evaginations (Fig. 
2.3A-B) are present on the sides of the forebrain. 
2.4.2.2. Stage 13 
The forelimb buds extend distally, increasing the radius of their semi-circular shape 
(Fig. 2.3E; Fig. 2.4D). Later in this stage the forelimb buds become distinctly longer 
than they are wide (Fig. 2.4H). The apical ectodermal ridge (AER) is visible along the 
distal edge of the forelimb buds (Fig. 2.3H; Fig. 2.4H). Hindlimb buds appear on the 
posterior flank of the embryo, caudal to the tail bud (Fig. 2.3F; Fig. 2.4F), and begin 
to resemble the early semi-circular forelimb buds by the end of the stage (Fig. 2.4J). 
The mandibular arch expands distally and a distinct oral groove is formed (Fig 2.3E). 
The glossopharyngeal arch is almost completely hidden beneath the hyoid arch (Fig 
2.3E). The optic cups form and a projection, the endolymphatic appendage, extends 
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Fig. 2.4 The progression of limb development in M. n"t"lcn$i$ embryos (stage 12 to 14LI 
compar~d to eq uivalently staged mouse embryos (El 0,0 to Ell, 751. 1.4. nata/ells,s forelimbs: A, 
D, II L. P and T M. /JiJ!aie/Jsis hinJ.'mb~: B F. J, N, R a"u V MOll"'" rorelimbs. C C. K, 0, ~"d S 
MOLlse h:"ulirnns. E, I. M, Q .111,1 U. rhe "rnbryooic day ([) ct mouse development is Indicated down 
the left s>de. while th~ slag~ of bal uevelo»,,'~"1 IJ,1SC'Ci 0" CrdAkos el al. (2005i i~ i"diL~tAd dow " 
\lw rigl11 ~i'IA. a~,- ap~;al "';too~rmal ridge, hp. hand plate: pf. point of flexure: pip. plaqic:valagiufTl 
primordwm: prp propal»qi,..-n prirr)()(rji'fi" Ib, lail bLlu All p~"els show tl1A dorsal SurtaCA of the limn 
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Fig. 2.5. The progrenion of limb d evelopment in M. nataiensis embryos (stage 15VE to 17) 
compared to equivalently staged mouse embryos (E12,Q to E13,5). M. 1J,,1dk.'IJ8i~ r~ rdmbs: A. D, 
H, K. Nand R. M IJ " UCI",''' hindlirrlbs B , F, J, l, r ,~nd T ~bLJS" tOrBlimbs C, G, M, ;'.nd Q. \ l oLJse 
hi t)(1 lill1bs E, I, 0, ~nd S I h" embryonic day IE) of mouse devebprrl erlt '" i"dic~tL'd dow" thL' left 
Sine, wh ile tne sta ge of b>lt d "vcl~prrl""t b~sL'd on Crcl~bs 0'1 ij,', (?O~I is irxk,~t"n dC)wn th" right 
sid~. cli p, chiro p>l t~"i'.m1: dc, di git co" n" ns ~ tion; fp, foot plate; pe, proximal expansion: pip 
pi;'!g iop;'t;'!g iLJ"" n, rocpdil--.;J t issue, tm, thulm ; trrlp thumb prirrlO<rliurn. All pmwls sl,ow llw dors~ 











2.4.2.3. Stage 14 
Early in this stage, a point of flexure appears in the forelimb buds, dividing the 
proximal limb bud from the distal limb bud (Fig. 2.3K; Fig. 2.4L). An AER is present 
along the distal edge of the hindlimb buds (Fig. 2.3J; Fig. 2.4N). As the stage 
progresses the forelimb buds extend greatly along their proximal-distal axes, and lie 
against the flank of the embryo (Fig. 2.31). The primordia of the propatagia (the 
membrane at the leading edge of the wing) appear as a bulge at the proximal-anterior 
edge of the forelimb buds (Fig. 2.4P). The hindlimb buds lengthen distally, 
resembling the late stage 13 forelimb buds (Fig 2.4R). Later in this stage, the distal 
forelimb buds expand along their anterior-posterior axis to form the beginnings of 
hand-plates (Fig. 2.4T). The propatagium primordia extend further and the 
plagiopatagium primordia (the wing membrane between the forelimb and hindlimb) 
become visible at the proximal-posterior edge of the forelimb buds (Fig. 2.4T). The 
hindlimb buds lengthen along their anterior sides, taking on an asymmetrical shape 
curving towards the base of the tail (Fig. 2.4V). The head of the embryo takes on a 
"podgy" form as the mandibular arch expands, dividing into maxillary and 
mandibular components and nasal pits form (Fig. 2.31 & J). A circle of pigment is 
visible in the developing retina (Fig. 2.31). 
2.4.2.4. Stage 15 
Very early in this stage the forelimb buds expand further along the anterior-posterior 
axis and flatten dorso-ventrally to form 'paddle-like', symmetrical hand plates (Fig. 
2.3M, Fig. 2.5A). The limb buds no longer lie alongside the body, but rather project 
outwards at right angles to the body axis (Fig. 2.3M). The anterior edges of the 
hindlimb buds expand slightly, however the hindlimbs retain their asymmetrical shape 
(Fig. 2.58). As the stage progresses, the hand plates become asymmetrically shaped 
(Fig. 2.5D). Thumb primordia protrude from the anterior edge of the hand plates, 
while the posterior edges retain a rounded paddle shape (Fig. 2.5D). The hindlimb 
buds continue their anterior expansion, resulting in symmetrical foot plates (Fig. 
2.5F). At the pinnacle of this stage the hand plates are distinctly asymmetrical due to 












their posterior borders (Fig. 2.5H). Digit condensations become visible in the 
mesenchyme of the hand plates (Fig. 2.5H). The foot plates continue to expand 
symmetrically along their anterior-posterior axes (Fig. 2.5J). Throughout this stage the 
plagiopatagium primordia expand along the posterior edges of the forelimb bud, 
reaching the wrist, and begin to expand caudally forming membranous flaps along the 
flanks of the embryo (Fig. 2.5A, D & H). The retina becomes fully pigmented and the 
lens vesicle is present (Fig. 2.3M & N). 
2.4.2.5. Stage 16 
Early in this stage the thumb is easily distinguished from the rest of the hand plate as 
the tissue between the developing thumb and the primordium of digit 2 begins to 
recede, taking on a concave appearance (Fig. 2.3Q, Fig. 2.5K). The posterior-distal 
edges of the hand plates expand further accentuating the extreme asymmetry of the 
hand plates (Fig. 2.5K). The foot plates also continue to expand along the anterior-
posterior axis. This expansion is concentrated at the most proximal edges of the foot 
plates (Fig. 2.5L). Digit condensations form in the foot plates and the tissue between 
these condensations begins to recede resulting in a disruption of the smooth edge of 
the foot plates seen at stage 15 (Fig. 2.5L & P). As the stage progresses the digital 
rays of the hand plates begin to extend distally. This extension, in combination with 
inter-digital tissue cell death at the border of the hand plates, results in a wavy' 
appearance in the border of the hand plates (Fig. 2.5N). The interdigital tissue 
between the thumb and the primordium of digit 2 becomes corrugated as the tissue 
dies (Fig. 2.5N). Eyelid primordia are present as swellings around the eyes (Fig. 
2.3R). Both the pinnae and tragii of the developing ears are clearly visible (Fig. 2.3Q 
&R). 
2.4.2.6. Stage 17 
The limbs show pronounced flexures at the elbow and knee joints, and the wrists are 
flexed (Fig. 2.3U). As a result the hands are tucked beneath the chin (Fig. 2.3V). The 












the tissue between the remammg digits persists to form the primordia of the 
chiropatagia (the wing membrane) (Fig. 2.5R). The digits are clearly defined and their 
phalanges begin to curve inwards (Fig. 2.5R). The tips of the digits of the foot plates 
are free from interdigital tissue and appear to be equal in length (Fig. 2.5T). The 
plagiopatagia extend between the wrists and the ankles (Fig. 2.3U; Fig. 2.5R). The 
uropatagium (tail membrane) extends half way along the length of the tail and along 
the posterior edges of the hindlimbs (Fig. 2.3V). The pinnae of the ears are lengthened 
at their distal tips and fold inwards (Fig. 2.3U & V). The mouth is open and vibrissae 
follicles are visible on the snout and around the eyes (Fig. 2.3U & V). 
2.5. Discussion 
2.5.1. Staging of embryonic development in M. nata/ensis 
In their embryonic staging paper for C. perspicillata, Cretekos et al. (2005) show that 
their staging system is very robust when used to stage embryonic specimens of 
species within the Phyllostomidae (Phyllostomus hastatus and Desmodus rotundus). 
In addition, the staging system developed by Cretekos et al. (2005) has been 
successfully applied to specimens from the Miniopteridae (this study) and the 
Vespertilionidae (Tokita 2006). M natalensis embryos were easily placed in the 
stages defined by Cretekos et al. (2005) by comparing the progress of limb 
development and other features, such as eye and ear development, to that for C. 
perspicillata. While the progress of development of these features is very similar 
between species, it is unknown whether the same can be said for the timing of 
development. Early limb bud stage M natalensis embryos are present by mid-
September (Table 2.1), a~ has been reported for the populations in the Limpopo and 
Gauteng provinces (van der Merwe & van Aarde 1989) and Kwazulu Natal (Bernard 
1980), however the date of implantation is not known for the De Hoop population, 
and thus the age of the M natalensis specimens could not be determined. 
As found for C. perspicillata (Cretekos et al. 2005), the uterus dimensions of M 
natalensis are a good indicator of embryonic stage. It is possible to feel for this 












for Pipestrellus pipistrellus. As pregnancy progresses the boundary between the 
uterus and the rib cage becomes less distinguishable. In this manner earlier stages (13-
14) can be distinguished from later stages (16-18) prior to dissection. 
Maternal plasma progesterone levels may be a further, more accurate indicator of 
embryonic stage. This study provides greater resolution of the changes in maternal 
plasma progesterone during limb development than those previously reported for M 
natalensis from the Limpopo and Gauteng provinces (van der Merwe & van Aarde 
1989) and for M schreibersii (Bernard et al. 1991). Although these studies indicated a 
distinct rise in progesterone levels from early to late pregnancy, they provided only 
four readings during post-implantation pregnancy and the stages of embryonic 
development corresponding to these data points were not described in detail. In this 
study, progesterone levels are shown to increase steadily from stage 11 to stage 17 of 
development. Three distinct groups can be visualised within this trend: stages 11-14, 
14L-17E and 17-20 representing early, middle and late stages of limb development 
respectively. These three groups are all visibly different from the lactating and non-
reproductive females. However, due to the low number of samples at some stages, 
these groups could not be characterised as statistically diagnostic entities. Further 
sampling is needed to show if maternal progesterone levels can be used as a 
statistically robust non-invasive indicator of embryonic stage in M natalensis. 
2.5.2. Species-specific differences in development between bat species 
Alongside the similarities in development between species, species-specific 
differences between adult M natalensis and C. perspicillata, such as differences in 
tail length, become evident during embryonic development. The tail of the adult C. 
perspicillata is highly reduced, while that of M natalensis is long and completely 
encased within the uropatagium. Until stage 15 of development the tail primordia of 
the two species are very similar, both extending far beyond the hindlimb buds. At 
stage 15 the tail bud of C. perspicillata begins to recede and by stage 17 it is barely 
visible within developing uropatagium (Cretekos et al. 2005). In M natalensis the tail 
bud remains long at stage 15 and by stage 17 the uropatagium is only half way along 












whose long tail is completely encased in the uropatagium by stage 20 (Tokita 2006). 
Thus, the pattern of tail development in these three species mirrors their phylogenetic 
relationship, with the closely related miniopterids and vespertilionids showing very 
similar development and adult features. The differences in the adult tail morphology 
between these species are most likely linked to differences in flight and feeding 
behaviour. 
Tokita (2006) suggests that species-specific differences in adult size may also be 
evident during embryonic development. The crown-rump length (CRL) of P. abram us 
is always smaller than C. perspicillata at each stage of development (Tokita 2006), 
correlating with the smaller size of the adult bat (head and body length (HBL) P. 
abramus: 41-60 mm (Maeda 2005 in Tokita 2006); c. perspicillata: 48-65mm; 
(Nowak 1999». The CRL of M natalensis is larger than P. abram us throughout the 
observed stages of development while falling within the range of C. perspicillata 
measurements between stages 14 and 17 (Fig 2.1.). These observations support the 
trend suggested by Tokita (2006) as adult M natalensis are larger than P. abram us 
and share much of their adult size range with C. perspicillata (HBL M natalensis: 40-
78mm; (Nowak 1999». Measurements for M natalensis embryos at later stages of 
development are needed to provide further support for this trend. 
2.5.3. Comparing limb development between M. nata/ensis and the 
mouse 
The progression of limb development in M natalensis was compared to that of the 
mouse to determine when noticeable differences in limb bud shape and size become 
apparent. It is possible that these differences are caused by changes in the expression 
patterns of limb patterning genes. Thus, these stages of development would be the 
focus of subsequent comparative gene expression analyses. 
During the early stages of development the growing limb buds of M natalensis and 
the mouse are very similar in size and shape. In both organisms, the forelimb bud 
appears first, with the hindlimb bud lagging a stage behind. Forelimb development 












flank (Martin 1990). This semi-circular protrusion is similar in shape to the forelimb 
bud of the M natalensis embryo, which appears at stage 12 (Fig. 2.4A). The hindlimb 
bud appears in the mouse at E10.0 (Martin 1990; Fig. 2.4E) resembling the first sign 
of the hindlimb bud in the stage 13 M natalensis embryo. Up to stage 14 of M 
natalensis development, both fore- and hindlimb development progress in a similar 
manner to that of the mouse, with stages 13, 13L and 14E corresponding to E10.0, 
EIO.5 and E11.0 of mouse development respectively (Fig. 2.4C-N). During these 
stages the limb buds of both organisms grow out to form protrusions that are distinctly 
longer than they are wide. 
At stage 14 of M natalensis development, the forelimb bud becomes distinct from the 
equivalently staged mouse limb bud at EII.5 (Fig. 2.40 & P). The primordia of the 
wing membranes, the propatagia and the plagiopatagia, become apparent at the distal-
anterior and posterior edges of the limb bud respectively (Fig. 2.4P & T). As 
development progresses, symmetrical hand plates form in equivalently staged M 
natalensis (l4L-15VE; Fig. 2.4T & Fig.2.5A) and mouse embryos (E11.75; Fig. 
2.48). In the mouse, this hand plate flattens dorso-ventrally and expands equally at its 
anterior and posterior edges forming a paddle-like shape by E12.0 (Fig. 2.5C). In M 
natalensis this expansion takes place between stages 15E and 16 (Fig 2.5D, H, K, N), 
with the posterior edge experiencing a far greater expansion than that seen in the 
mouse, resulting in a distinctly larger hand plate at stage 16 than that of an E13.0 
mouse (Fig. 2.5M & N). By stage 17, this expanded tissue begins to condense into 
digits and the interdigital tissue is retained, forming the chiropatagium (Fig. 2.5R). At 
this stage the bat wing is clearly defined. In contrast, the interdigital tissue of the 
mouse forelimb begins to recede at E12.5 (Fig. 2.50) and the digits of the paw are 
almost completely free by E13.5 (Fig. 2.5Q). Thus, between stage 14 and stage 16 of 
bat limb development, equivalent to E11.0 to E13.0 of mouse development, the 
pattern is laid down for wing development in the bat in contrast to paw development 
in the mouse. 
In both M natalensis and the mouse, the hindlimb lags a stage behind the forelimb in 
its progress of development. The hindlimb bud of the bat resembles that of the mouse 
up to stage 15E or E12.0 of development (Fig. 2.5E & F). At this stage, both 












tissue death has not yet begun (Fig. 2.5E & F). At E12.5 in the mouse and stage 16E 
M natalensis the foot plate begins to take on a "scalloped" appearance as interdigital 
tissue death proceeds (Fig. 2.51 & L). In addition, between stages 15 and 16 the M 
natalensis footplate appears to experience further expansion along the anterior-
posterior axis, especially at it most proximal boundaries (Fig. 2.5J, L & P). This 
results in a much wider foot plate in M natalensis at stage 16 than that of the E13.0 
mouse (Fig. 2.50 & P). This additional hindlimb expansion is also evident during C. 
perspicillata development (Cretekos et al. 2005). As a result of this expansion, it is 
possible that the pool of cells that will contribute to the most proximal digits of the bat 
foot (digits 1 and 5) is larger than the same pool of cells in the mouse foot. The 
availability of a larger pool of cells for digit formation may result in digits 1 and 5 
growing longer than those of the mouse. As a result, the developing digits of the M 
natalensis foot at stage 17 appear to be equal in length, while the digit 1 and 5 of the 
mouse foot are noticeably shorter than the remaining digits by E13.5 (Fig. 2.5S & T). 
These differences in early limb development between M natalensis and the mouse 
suggest that the early genetic signals for limb patterning have been altered in the bat, 
laying down the blueprint for the unique bat forelimb and hindlimb skeletal structure 
prior to digit formation. The experiments described in the following chapters test this 
hypothesis by investigating one such early limb patterning signal, the Sonic Hedgehog 













Shh and Ptc1 expression analysis in developing mouse and 
bat limbs by whole mount in situ hybridisation 
3.1. Introduction 
The developing bat forelimb begins to differ from that of the mouse as early as stage 
14 of development with the appearance of the wing membrane primordia (Fig. 2.4). 
This difference is further enhanced by stage 15 when the posterior of the bat hand 
plate is expanded, leading to the elongated, webbed digits visible in the stage 17 
forelimb (Fig. 2.5). The bat hindlimb begins to differ from that of the mouse between 
stages 15 and 16 of development. The bat foot plate undergoes a proximal expansion 
resulting in digit primordia of equal length at stage 17, while in the mouse hindlimb 
the primordia of digits 1 and 5 are shorter than digits 2 to 4 (Fig. 2.5). It is possible 
that changes in the expression pattern of the limb patterning signal, Shh, and its 
downstream target, Ptel, account for both the morphological differences between the 
bat and mouse limbs and the skeletal differences between the bat forelimbs and 
hindlimbs. 
Whole mount in situ hybridisation was used to visualise the expression patterns of 
PtcJ and Shh in stage 13L to 17 Miniopterus natalensis and Carollia perspieillata 
limbs and these expression patterns were compared to those in EIO.O to E13.5 mouse 
limbs. This procedure required the preparation of labelled RNA probes that are 
complimentary to the mRNA sequence of PtcJ and Shh. cDNA was prepared from 
both M natalensis and mouse embryonic RNA in the hope of generating bat- and 
mouse-specific RNA probes. A short sequence of both Ptel and Shh was isolated 
from the cDNA using the polymerase chain reaction (peR) and cloned into a vector to 
be used in an in vitro transcription RNA probe synthesis reaction. This labelled probe 












3.2. Materials and Methods 
3.2.1. Cloning of Ptc1 and Shh orthologs 
3.2.1.1. Extraction of RNA and first strand cDNA synthesis 
Total RNA was extracted from whole stage 13L M natalensis and E13.5 mouse 
embryos stored in RNAlater (Qiagen, see Chapter 2) using the RNeasy Lipid Tissue 
Mini Kit (Qiagen) according to the manufacturer's protocol. The concentration and 
quality of the extracted RNA was quantified by measuring the absorbance at 260 nm 
and 280 nm. RNA integrity was verified by denaturing 1 ~g of RNA in 9 ~l 
formamide at 70°C for 10 min and snap-cooling for one min, followed by 
electrophoresis through a 1.0 % agarose gel. 
A standard 20 ~l reverse transcription reaction was prepared as follows. 5 ~g of total 
RNA was mixed with 50 ~M Oligo (dT) primer, 500 ng Random Primers (Promega) 
and 0.5 mM dNTPs (a mixture of dATP, dGTP, dCTP and dTTP at equal 
concentrations). This mixture was denatured at 65°C for 5 min and snap-cooled on 
ice for 5 min. Following denaturation, Ix First-Strand Buffer (Invitrogen), 2.5 mM 
OTT, 40 U Protector RNase Inhibitor (Roche) and 200 U Superscript III Reverse 
Transcriptase (Invitrogen) were added and the mixture was incubated at 25°C for 5 
min. The mixture was then moved to 55 °C. After 2 hours an additional 200 U 
Superscript III Reverse Transcriptase (Invitrogen) was added to the mixture and 
incubated overnight at 55°C. 
3.2.1.2 PCR amplification Ptc1 and Shh orthologs 
PCR primers for the amplification of the M natalensis and mouse orthologs of Ptc1 
and Shh were designed from regions of near identity in cDNA sequence alignments of 
human, mouse, rat and dog Ptc1 and Shh respectively (Appendix A: Fig. Al & A2), 
with Inosine (I) being used in the place of non-conserved base pairs (Note: bat cDNA 












the relcas.c or the Alyo/i,' /u{'ijuglls genome on Fn"'mhll. Ptel primers (Ptc!1-\vd: 
5'ACC TTT G(iA CTG CTT CTO GGA A 3': Ptcll{ev: 5'AAA IUU CAA AAC 
eru AUT TU ]') were designed to ampliry a region of 830 bp fTOm exon 5 lo 10 01' 
the g:en" (Fig:. 3.lAl. Shh primers (Shhrwd: 5' AUC CAA GAA GGT CTT CTA CGT 
(i 3', Shhl{",: 5' AlA TIT GGT ACiA GCA GCT OCO A 3") ",-ere designed to 
ampli!'y a region of 510 hp rrom exon 3 or the gene (Fig. ).1B), The 5' terminal 






Exon 5, rosidu . 647 
~'. ACCTTTGGACfGCTTCTGGGM.,. 
P1C FO!W3rd prim", ___ 
B, Shh 
• • 
E~on 1al1' boundary, ,.sldu~ 147] 
, .. CAACfCAGGTTTTGCCGTTT .3' 
_ PI< R""._ p,im or 
E~on 3, residue 983 --------::::::,\ - Exon 3, r .. ldue '~89 
5'· GCCAAGAAGGTCTTCT ACGTG .. 
Shh Forward primer 
",TCGCAGCTGCTCT ACCACA TT ·3' 
_ Shh Reverse primer 
Fig 3.1 Prim. r do. ign lor the am!)lification of Ptc1 . nd Shh ortnolog . by PCR. Th ~ Ens~mbl 
(",leas~ 46) transcript constructs for (A) mouse Ptcl (ENSMUSToco:xxJ219211 and (8) moure 8M 
(ENSMUSTOOOOOCI()<708) showing the f'O'niorlS oltoo primers used!Q cklne 830bp 01 ptcl an(! 52Ubp 
of SM from moose and M. nala/ensis eDNA. 
Either 2 ,Id of the !vi, na{alensis Ii,-,t strand syntheslS ~DNA readion or I )11 of a I in 
ten dilution orthc mOlise first strand synthesis cD'-'A reaction was used as a template 
in the following standard 25 ,Id peR r"action: 1 x Reaction BulTer, 1 5 m\1l\lgCl1. 0.2 











Cross Biotechnology). The PCR cycling conditions for amplification of Ptc1 from 
both M natalensis and mouse cDNA were as follows: 94°C for 2 min (1 cycle), 94 
°c for 30 sec, 50°C for 30 sec, 72°C for 1 min (35 cycles) and 72 °c for 5 min (1 
cycle). 
The PCR cycling conditions for amplification of Shh from mouse cDNA were as 
follows: 94°C for 1 min (1 cycle), 94°C for 30 sec, 62°C for 1 min, 72°C for 1 min 
(35 cycles) and 72°C for 5 min ( 1 cycle). Variations on these cycling conditions 
(annealing temperatures from 40°C to 60 °C) and a series of primer pairs (Appendix 
A: Table A) were used in an attempt to amplify Shh from M natalensis cDNA. PCR 
was performed using the GeneAmp PCR System 9700 DNA amplifier (Applied 
Biosystems). 
3.2.1.3. Cloning and transformation of Ptc1 and Shh orthologs into E. 
coli 
PCR products were resolved on a 1 % low melting point agarose gel, excised and 
purified using the QIAquick Gel Extraction Kit (Qiagen) according to the 
manufacturer's protocol. The extracted DNA fragments were ligated into the pDrive 
Cloning Vector (Qiagen) according to the manufacturer's protocol. 5 III of the ligation 
mix was transformed into 100 III competent E. coli DH5a cells. Initial positive 
transformants (white colonies) were identified by p-galactosidase insertional 
inactivation and ampicillin resistance on Luria-Bertani agar plates supplemented with 
0.5 mM IPTG, 80 Ilglml X-Gal and 100 Ilglml ampicillin. 
3.2.1.4. Screening transformants for correct inserts and sequencing 
White colonies were randomly picked and screened for inserts by colony PCR using 
SP6 and T7 primers in the following 20 III PCR reaction: Ix Reaction Buffer, 1.5 mM 
MgCh, 0.2 mM dNTPs, 0.4 IlM of each primer, and I U of Super-Therm Polymerase 












for 5 min (1 cycle), 94°C for 30 sec, 52°C for 30 sec, 72°C for 1 min (30 cycles) 
and 72 °C for 5 min (1 cycle). PCR products were resolved by gel electrophoresis 
through a 1 % agarose gel. Insert positive reactions were cleaned up using the 
QIAquick PCR Purification Kit (Qiagen) according to the manufacture's protocol and 
quantified by measuring absorbance at 260 nm. The purified PCR products were 
sequenced by Macrogen Inc. (Seoul, Korea) in both directions with SP6 and T7 
primers using a Big Dye terminator v3.1 Cycle Sequencing kit (Applied Biosystems) 
according to the manufacturer's protocol. 
3.2.1.5. Bioinformatics analysis of Ptc1 and Shh orthologs 
A consensus sequence for each insert was obtained by aligning the sequences 
obtained with the Sp6 and T7 primers in BioEdit Sequence Alignment Editor 7.0.2 
(Hall 1999). Sequences were positively identified as Ptc1 or Shh using the Basic 
Local Alignment Search Tool (BLAST) (Altschul et al. 1997) provided by the 
National Center for Biotechnology Information. The appearance of Ptc1 or Shh cDNA 
sequences within the top five Blastn results indicated that the insert contained the 
correct sequence. The percent sequence identity between the isolated mouse and M 
natalensis Ptc1 sequences and between the isolated M natalensis Ptc1 sequence and 
the published M lucifugus Ptc1 sequence (ENSMLUTOOOOOOI6253) was determined 
using the Two Sequence Alignment Tool provided by DNAMAN version 5.2.9 
(Lynnon Biosoft). 
3.2.2. Ptc1 and Shh DIG-labelled RNA probe synthesis 
Four DIG-labelled RNA probes were synthesised: two Ptc1 probes using the isolated 
mouse (PtcProbeM) and M natalensis (PtcProbeB) Ptc1 sequences as templates and 
two Shh probes using the isolated mouse Shh sequence (ShbProbeMl) and an 
additional mouse Shh sequence (ShbProbeM2) provided by Dr. Behringer (University 
of Texas M.D. Anderson Cancer Centre, Houston, Texas) as templates. Overnight 
cultures of colonies containing Ptc1 and Shh insert-positive plasmids were prepared in 












the overnight cultures using the QIAprep Spin Miniprep Kit (Qiagen) according to the 
manufacturer's protocol. Purified plasmids were checked for inserts in the following 
20 J.lI restriction digest reaction at 37°C, for one hour: SOO ng plasmid DNA, Ix 
Restriction Enzyme Buffer and 2 U EcoRI restriction enzyme (Fermentas). 
Insert positive plasmid DNA was linearised in the following 20 J.lI restriction digest 
reaction at 37°C, left overnight: 10 J.lg plasmid DNA, Ix Restriction Enzyme Buffer 
and 2 U restriction enzyme. ShhProbeMI and PtcProbeB plasmids were linearised 
with BamHI (Fermentas), ShhProbeM2 plasmids were linearised with HindUI 
(Fermentas) and PtcProbeM plasmids were linearised with Sall (Fermentas). Plasmid 
linearisation reactions were cleaned up using the QIAquick PCR purification Kit 
(Qiagen) according to the manufacturer's protocol. The purified linearised plasmid 
was eluted in 30 J.lI Tris-EDTA Buffer (PH 8.0) and quantified by measuring 
absorbance at 260 nm. 
2.S J.lg of linearised plasmid was used in the following SO J.lI in vitro transcription 
RNA labelling reaction at 37°C for two hours: Ix DIG RNA labelling mix (Roche, 
contains digoxigenin labelled UTP), Ix Transcription Buffer and 2 U RNA 
polymerase. ShhProbeMI and PtcProbeB DIG-labelled probes were transcribed with 
Sp6 RNA polymerase (Roche), ShhProbeM2 was transcribed using T3 RNA 
polymerase (Roche) and PtcProbeM DIG-labelled probe was transcribed using T7 
RNA polymerase (Roche). The plasmid template was subsequently degraded with S 
U Rnase-free DNAse I (Ambion) at 37°C for IS min. This reaction was stopped by 
adding 0.8 J.lI O.SM EDTA (PH 8.0). A Sigma-Spin Post Reaction Clean-up Column 
(Sigma) was used to clean up the DIG-labelled RNA probe solution according to the 
manufacturer's protocol. The concentration of the probe solution was determined by 
measuring absorbance at 260 nm. The integrity of the probe was checked by 
denaturing 1 J.lI of the probe solution in 9 J.lI formamide at 70°C for 10 min, followed 
by electrophoresis through a 1 % agarose gel. 1 J.lI O.SM EDT A (PH 8.0) and 9 J.lI 












3.2.3 Whole mount in situ hybridisation on M. nata/ensis, C. perspici/lata 
and mouse embryos 
3.2.3.1. Pre-treatment of embryos 
The whole mount in situ hybridisation protocol that was used is based on Hecksher-
Sorenson et al. (1998) and Xu & Wilkinson (1999). PF A fixed embryos were 
rehydrated from 100 % methanol (see chapter 2) through a series of 75 %, 50 % and 
25 % methanol in DEPC PBS for 10 min at each step. All steps were carried out on 
ice and the embryos were allowed to sink into each solution. The embryos were cut in 
half along their midlines while in DEPC PBS to allow for analysis of Shh expression 
on one side and Ptc1 expression on the other. The embryos were rinsed several times 
in DEPC PBS containing 0.1 % Tween 20 (PBST) and treated with 10 f.1g1ml 
Proteinase K (Fermentas) in PBST at room temperature for the following time 
periods: Mouse Embryos: ElO.0: 22 min, E1l.0: 25 min, E1l.5 & E1l.75: 28 min, 
E12.0: 30 min, E12.5: 35 to 45 min, E13.0: 35 min and E13.5: 37 min; M natalensis 
embryos: 13L: 20 min, 14E: 22 min, 14: 24 min, 14L: 25 min, 15VE and 15E: 27 min, 
15: 29 min, 16VE and 16E: 32 min, 16: 37 min, 17: 43 min; C. perspicillata embryos: 
14E: 23 min, 14: 25 min, 14L: 26 min, 15VE: 28 min, 15E: 29 min, 15: 31 min, 16E: 
32 min, 16L: 43 min and 17: 65 min. Following Proteinase K treatment the embryos 
were rinsed several times in PBST and fixed in 4 % PF A (Sigma) in DEPC PBS for 
55 min at room temperature. 
3.2.3.2. Hybridisation of the DIG-labelled RNA probe 
After fixation the embryos were washed twice in hybridization solution (50 % 
formamide, 5 x standard saline citrate (SSC), 2 % Blocking Reagent (Roche), 0.1 % 
Tween 20, 0.1 % CHAPS (Fluka), 5 mM EDTA, 0.05 f.1g1ml Heparin (Sigma) and 
0.05 f.1g1ml yeast tRNA (Sigma)). The washes were carried out at room temperature 
and the embryos were allowed to sink into the solution. The embryos were incubated 
in pre-warmed hybridisation solution while rotating in a hybridisation oven. For Shh 












mouse, M natalensis and C. perspicillata embryos. For Ptcl expression analysis these 
washes were performed at 60°C for mouse and C. perspicillata embryos and at 65°C 
for M natalensis embryos. After 1 hour the solution was changed and pre-
hybridisation was continued for 4 hours. The DIG-labelled RNA probes were then 
added (0.5-1 Ilglml in hybridisation solution) and hybridisation was carried out 
overnight at the same temperature as the pre-hybridisation incubation. 
The initial post-hybridisation washes were carried out at room temperature in 
decreasing concentrations of hybrid is at ion solution in 5 x SSC (75 %, 50 % and 25 %) 
for 10 min each, while shaking. At each step, the embryos were first rinsed in a 
mixture of the previous solution and the new solution before the wash began. The 
washes were followed by two 30 min low stringency washes in 5 x SSC, 0.1 % 
CHAPS and two 30 min high stringency washes in 2 x SSC, 0.1 % CHAPS. These 
post-hybridisation washes were carried out at 65°C for the mouse and M natalensis 
embryos and at 60°C for the C. perspicillata embryos. The same post-hybridisation 
wash conditions were used for both Shh and Ptcl expression analysis. 
3.2.3.3. Blocking of the embryos and the addition of the anti-DIG 
antibody 
Following the post-hybridisation washes, the embryos were washed twice in DEPC 
PBS and once in PBST containing 0.1 % Triton X-IOO before being rinsed twice in 
blocking solution (PBST, 0.1 % Triton X-I00, 2 mglml bovine serum albumin 
(Sigma) and 15 % sheep serum (Sigma, heat-inactivated at 56°C for 30 min)). The 
embryos were then pre-blocked for 4 hours in blocking solution at 4°C, while 
shaking. 
PFA fixed mouse or bat extra-embryonic membranes (EEM, see chapter 2) stored in 
100 % Methanol were used to pre-absorb the Anti-DIG antibody. The EEM were 
equilibrated in PBST containing 0.1 % Triton X-I00 and incubated in blocking 
solution for 1 hour at room temperature, while shaking. The EEM were then incubated 












°C, while shaking. This pre-absorbed antibody solution was added to the pre-blocked 
embryos and left overnight at 4°C, while shaking. Unbound antibody was removed 
by washing the embryos in PBST, 0.1 % Triton X-I00 and 0.1 % BSA (Sigma) five 
times for one hour at room temperature. An additional wash was carried out overnight 
at4°C. 
3.2.3.4. Signal visualisation by alkaline phosphatase colour reaction 
The embryos were washed twice for 30 min in NMT buffer (100 mM NaCI, 50 mM 
MgCh, 100 mM Tris-CI (PH 9.5)) containing 0.1 % Tween 20 and 0.1 % Triton X-
100 at room temperature, while shaking. This was followed by three ten min washes 
in NMT buffer at room temperature, while shaking. The embryos were then 
transferred to glass bottles and the signal was visualised overnight in the dark in NMT 
buffer containing 3.8 Jll/ml BCIP (50 mglml in 100 % dimethylformamide (Roche)). 
Once the signal had developed to the desired extent, the colour reaction was stopped 
by washing the embryos several times in PBS. The embryos were then fixed in 4 % 
PF A in PBS and photographed using a Nikon SMZ 1500 stereoscopic zoom 
microscope fitted with a Nikon DS-U2 camera control unit and Nikon DS-5Mc 
camera head (Nikon Instruments Inc., New York, U.S.A.). Photographs were 
formatted using NIS-Elements image capture software (Nikon Imaging Software, 
version 2.10) and Photoshop (Adobe, version 7.0). 
3.3. Results 
3.3.1. RNA integrity 
RNA extraction yielded 752 ngl JlI and 335 ngl JlI of total RNA from E13.5 mouse 
and 13L M natalensis embryos respectively. Gel electrophoresis showed that the 
RNA integrity was maintained. Clear 28S and 18S rRNA bands were visible with the 













Fig 3.2 I ~g of totol RNA extr~cted from ~n EI3.S mouse embryo and • stoge 13L M. nata/ensis 
(bal) embr10. Clear 28S and ISS rRNA bands are visible for beth the mO".e and lA, nala/ensis RNA 
samples indicating irIIad RNA 
3.3.2. Cloning of Ptc1 orthologs 
peR U~lI1g pnm~r~ b,,~~u On highly ~on~~r ... ~d r~gil)))~ of m"mm<lli<ln p/el sequence 
yidu~u 800 bp prouud~ ih)m boLh mou~~ "nu M nlllll/em-i.I' cDKA templates (Fig. 
3.3), These products were exlr~cted. cloned and sequenced. BLAST analysis and 
alignment of the cloned sequcnces with the corresponding Ensemhl (version 46) AI 
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Mouse Bat -Ve 
.. 
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Fig. 3.4 Isolate<! u qu.".,ces of Ptel from M. nata/ensis (PtcProbeB) and mouse (ptoProbeM) 
aligned with th e corresponding Ensembl M. /ucifugu:< seq""nce (ENSMLUTOOOOOO16253), The 
827bp .e~ corresponds to ex""" ~ to 10 of the Ptc1 gene. IJnderl ned regi ''''" ndicate peR 
primer . equence. an d . haded areas ndicate regioo . of sequence . imi"'ity. The reg'"", tt.lt ;,; sh~red 
by the i.oI~ted M. lla/al9nsis sequerx::e,..-,d the M. Ir.K;ilugu, .eQlIerlCe"~ 93.77 % similarity. The 
mouse and M. na/oknsis . equences show 88.8t '/. similarity. 'NNN' " the M. lucih'gu, sequence 
corresponds exOll 10, which has not yet been ""Wed in the Ensembl sequence ("e"ion 46). Br>lh th e 
M. na/alensis and mcu.~ . equ en ces were u. ed a. tem jlales fc.r the ' ynt he.i. of DIG-labeled RNA 
prooes 
3.3.3. Cloning of Shh orthologs 
PCR using primcrs baseu on highly conserveu regions of mammalian Shh scqucnce 
yielded a 500bp product from the mouse eDNA template (fig. 3,5). No products, 
howcver, were obtained from the Ai nalillensis eDNA template (uata n.)t shov,uJ. The 
mOuse PCR product was extrac ted. cloned and sequenced, BLAST analysis and 
alignment ofthc cloned sequence v,ith the Ensembl (versilln 46) mouse Shh seque nce 
confirmed the sequencc corresponded to a region from exon 3 of Shh (Fig. 3,6). An 
additional cloneu region 0(" m()L~~e Shh wa~ provided b~ Dr Rehringer (\1.D 
Andcrson Canccr Centre, Houston. Texas). Tills sequence corresponueuto a 640 bp 
region ~panning from cxon I to J of the Shh gene (fig, J.6), Doth these cloned Shh 
fragmenls were lL~ed as temphltc~ for the synthesis OflWO probes. ShhprohcYll hascd 
on the SeqL>eOCe provided hy Dr Behringcr and Shhprobe)"12 baseu on the Shh 
sequence isolateu in this ~tL>d]'. 
M -ve 
• • --
Fig 3,5 Mouse (M) 511h ~mplifi ed by peR. A 500 bp proo..ct was ootained u"in~ Pfimers based on 
exon 3 of Ihe Shh . equence. ;.DNA/Psll rnoIeccl ar marker .hown on the ~ x(r~ me right with applicabl e 











10 20 30 40 50 60 70 80 90 100 




110 120 130 140 150 160 170 180 190 200 




210 220 230 240 250 260 270 280 290 300 




310 320 330 340 350 360 370 380 390 400 




410 420 430 440 450 460 470 480 490 500 




510 520 530 540 550 560 570 580 590 600 




610 620 630 640 650 660 670 680 690 700 




710 720 730 740 750 760 770 780 790 800 
















810 820 830 840 850 860 870 880 890 900 




910 920 930 940 950 960 970 980 990 1000 




1010 1020 1030 1040 1050 1060 1070 1080 1090 1100 




1110 1120 1130 1140 1150 1160 1170 1180 1190 1200 




1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 









Fig. 3.6 continued. The mouse Shh sequence obtained from Dr B hringer (ShhProbeM1) and the mouse Shh sequence isolated by peR in this study 
(ShhProbeM2) aligned with the entire Ensembl mouse Shh cDNA sequence (ENSMUSTOOOOO002708). ShhProbeM1 corresponds to a 640 bp region from exon 1 to 3 of 
the Ensembl sequence, while the sequence isolated by peR in this study, ShhProbeM2, corresponds to a 500 bp region from exon 3 alone. ShhprobeM1 and ShhProbeM2 












3.3.4. Whole mount in situ hybridisation analysis of Shh and Ptc1 expression 
in developing mouse, M. nata/ensis and C. perspicillata limbs 
3.3.4.1. RNA Probes used for whole mount in situ hybridisation 
PtcProbeB, PtcProbeM, ShhProbeM1 and ShhProbeM2 were tested on mouse and M 
natalensis embryos to determine which probe produced the clearest signal with the lowest 
background (data not shown). ShhProbeM1 gave the best results and was used to visualise 
Shh expression in mouse, M natalensis and C. perspicillata embryos. PtcProbeB was used 
to visualise Ptc1 expression in M natalensis embryos and stage 13L and 17 C. perspicillata 
embryos, while PtcprobeM was used on the mouse embryos and the remaining C. 
perspicillata stages. 
3.3.4.2. Shh expression pattern in developing mouse limbs 
Shh is first detected in both the forelimb and hindlimb at ElO.O in the mouse in a posteriorly 
restricted domain (Fig. 3.7Ai-ii). This signal is higher in forelimb than in the hindlimb. At 
E11.0 hindlimb expression is more obvious (Fig. 3.7Civ). Throughout the following stages 
of development, the hindlimb expression pattern always resembles the forelimb expression 
pattern from the previous stage of development. 
Expression persists in both the forelimb and hindlimb from E11.0 to E11.75 (Fig. 3.7Ci, 
Civ, Di, Div, Ei & Eiv). The posteriorly restricted domain of expression expands distally 
with the growing limb buds. At 12.0 the Shh signal is no longer present in the forelimb (Fig. 
3.7Gi) but persists in the hindlimb (Fig. 3.7Giv). Expression ceases in the hindlimb by 
E12.5 (Fig. 3.7Jiv). Shh remains off in both the forelimb and hindlimb through E13.0 and 
E13.5 (Fig. 3.7Ki, Kiv, Li & Liv). 
3.3.4.3. Shh expression pattern in developing bat limbs 
Shh is first detected at stage 13L in the M natalensis forelimb in a posteriorly restricted 
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Fig 3.7 continued. Late phase Shh expression patterns in the forelimbs and hind limbs of equivalently staged 
mouse. M. nalalensis and C. perspicillata embryos. The embryonic day (E) of mouse development is indicated 
down the left side, while the stage of bat development based on Cretekos ct;)/. (2005) and discussed in Chapter 2 
is indicated down the right side. The dolled line divides the mouse limbs from the bat limbs. while the solid Ime divides 











During stage 14E and 14, the posteriorly restricted domain of expression in the forelimb of 
both M natalensis and C. perspicillata expands both distally and anteriorly (Fig. 3.7Cii-iii 
& Dii-iii). This anterior expansion is especially prominent in M natalensis, where a wide 
Shh expression domain is visible in the stage 14 forelimb (Fig. 3.7Dii). The first signs of 
Shh expression in the hindlimb appear weakly at stage 14E in M natalensis (Fig. 3.7Cv) 
and become stronger and distally expanded by stage 14 (Fig. 3.7Dv). Shh is weakly visible 
in the C. perspicillata hindlimb at stage 14 (Fig. 3.7Dvi) and stronger at 14L (Fig. 3.7Evi). 
Shh expression persists through stages 14L and 15VE in both the forelimb and the hindlimb 
of both species (Fig. 3.7Eii-iii, Ev-vi & Fi-iv). At stage 15E expression ceases in the 
forelimb (Fig. 3.7Gii-iii) and is very weak in the hindlimb of both species (Fig. 3.7Gv-vi). 
By stage 15, Shh is no longer detectable in either the forelimb or hindlimb of either species 
(Fig.3.7Hi-iv). 
At stage 16VE Shh expression returns to the M natalensis forelimb in the tissue that will 
form the interdigital space between digits 3 and 4 (Fig. 3.7Ii). There is no expression in the 
hindlimb at this stage (Fig. 3.7Iii). By 16E expression is visible in both the forelimb and 
hindlimb of both M natalensis and C. perspicillata embryos (Fig. 3.7Jii-iii 
& Jv-vi). In the forelimb, expression is localised to the interdigital tissue and is present in a 
gradient from posterior to anterior, with the highest expression found between digits 4 and 
5 (Fig. 3.7Jii-iii). This gradient is more pronounced in M natalensis (Fig. 3.7Jii) than in C. 
perspicillata (Fig. 3.7Jiii). In the hindlimb, Shh expression is also localised to the 
interdigital tissue, however this signal is uniform along the anterior-posterior axis and is not 
as strong as the forelimb expression (Fig. 3.7Jv-vi). 
By stage 16 in M natalensis, the interdigital Shh expression in both the forelimb and 
hindlimb is lower (Fig. 3.7Kii & Kv). Forelimb expression is highest in the tissue between 
digits 3 and 4 and along the borders of the condensations of all the digits (Fig. 3.7Kii). At 
stage 16L Shh expression is still present at very low levels in the interdigital tissue of C. 
perspicillata forelimb (Fig. 3.7Kiii) and is not detected in the hindlimb (Fig. 3.7Kvi). 
By stage 17 in M natalensis and C. perspicillata, Shh expression is absent from both the 












3.3.4.3. Ptc1 expression pattern in developing mouse limbs 
Ptc1 expression is visible in the forelimb and hindlimb of EIO.O mouse embryos in a 
gradient along the anterior-posterior axis, with highest levels in the posterior (Fig. 3.8Ai-ii). 
At EII.O this gradient is more pronounced (Fig. 3.8Ci & Civ). 
This graded expression pattern continues through to EIl.5, however, a distinct down-
regulation of the Ptc1 signal is visible in a strip at the distal-posterior end of both the 
forelimb and hindlimb (Fig. 3.8Di & Div). By EI1.75, this strip of low Ptc1 expression 
extends further towards the proximal end of the forelimb and is bordered by very high 
levels of Ptc1 signal (Fig. 3.8Ei). The hindlimb at EI1.75 resembles the forelimb at EI1.5, 
showing a small area of Ptc1 down-regulation at the distal-posterior end (Fig. 3.8Eiv). 
At E12.0 the strip of low Ptc1 expression is no longer detectable in the forelimb (Fig. 
3.8Gi). Ptc1 is still expressed in a gradient from posterior to anterior with the highest signal 
at the most distal-posterior tip of the forelimb (Fig. 3.8Gi). The E12.0 hindlimb resembles 
the EII.5 forelimb in its expression pattern (Fig. 3.8Giv). 
The pattern of Ptc1 expression changes drastically in the E12.5 forelimb (Fig. 3.8Ji). Ptc1 is 
visible in a region at the most proximal end of the forelimb, bordering the tissue 
condensations that will form the radius and ulna (Fig. 3.8Ji). Ptc1 expression is also present 
at the bases of the tissue condensations that will form digits 2 to 4 (Fig. 3.8Ji). This area 
most likely corresponds to the metacarpals of the digits. The hindlimb expression pattern at 
this stage resembles the forelimb at E12.0 with the highest Ptc1 signal at the most distal-
posterior edge of the limb (Fig. 3.8Jiv). 
At E13.0, Ptc1 expression in the forelimb is present bordering the bases of the tissue 
condensations of digits 2 to 4 and weakly at the base of digit 5 (Fig. 3.8Ki). An additional 
area of lower Ptc1 expression is visible at the distal tips of the condensations of digits 2 to 
4, most likely corresponding to the area that will form the first phalange of the digits (Fig. 
3.8Ki). In the hindlimb at E13.0 Ptc1 is expressed strongly at the proximal edge of the 
limb, where the tibia and fibula will form, and along the length of the condensations 
forming digits 2 to 5 (Fig. 3.8Kiv). Distinct areas of expression in the base and at the tip of 
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Fig 3.8 Early phase Ptc1 expr~ss io~ patterns in the forelimbs and l1indlimbs of equivalently 































Fig 3.8 continued. Late phase Ptc 1 expression pallerns in the lorelimbs and h indUmbs 01 equivalently 
staged mouse, M. nafalensis and C. perspicillata embryos. The embryonic day (E) of mouse development 
IS indicaled down the left side, while the siage of bal development based on Crelekos e/ al. (2005) IS indicated 
down the right side Arrow heads Indicate regions of down-regulallon of the PIc I signal In the distal-posterior 
limb buds. The dolled line di'lldes Ihe mouse limbs trom the bal limbs. while Ihe solid line dMdes the forelimbs from 











By E 13.5 PtcJ expression in the forelimb is seen clearly bordering the bases of digital 
condensations 2 to 5 and weakly at the base of digit 1 (Fig. 3.8Li). Expression is also 
present bordering the area midway along digits 2 to 4 and low expression is visible at 
the tips of all the digits (Fig. 3.8Li). The expression pattern in the hindlimb is similar 
to the forelimb at E13.0, with the strongest PtcJ expression bordering the bases of all 
the digital condensations and an additional area of expression at the tip of each digit 
(Fig. 3.8Liv). 
3.3.4.4. Ptc1 expression pattern in developing bat limbs 
PtcJ expression is very low throughout C. perspicillata embryos from stage 14E to 
15, including the developing neural tube where expression is expected to be high (data 
not shown). This could be due to low penetration of the probe during the in situ 
hybridisation procedure. Only the very highest areas of expression are visible in the 
limbs at these stages and thus are not comparable to the results obtained for M 
natalensis and the mouse. Due to lack of samples, these experiments could not be 
repeated to optimise the results. PtcJ expression in stage 16E, 16L and 17 C. 
perspicillata embryos, however, is convincing throughout the embryos, including the 
developing neural tube (data not shown), and thus the Ptc} expression pattern in the 
limb buds at these stages is included in the description below. 
At stage 13L in M natalensis PtcJ is expressed diffusely across the forelimb bud (Fig. 
3.8Bi). A gradient is not clearly distinguishable, however, expression is lower at the 
most anterior end of the forelimb (Fig. 3.8Bi). PtcJ expression is not visible in the 
hindlimb at this stage (Fig. 3.8Bii). 
In the stage 14E M natalensis forelimb PtcJ is expressed in a gradient along the 
anterior-posterior axis, with highest expression in the posterior (Fig. 3.8Cii). The 
expression pattern in the hindlimb is diffuse as in the forelimb at stage 13L (Fig. 
3.8Cv). 
In the stage 14 and 14L forelimbs, PtcJ is still expressed in a gradient from posterior 












regulated in a small area at the most distal-posterior edge of the limb (Fig. 3.8Dii & 
Eii). The Ptcl signal is highest just anterior to this area of low expression (Fig. 3.8Dii 
& Eii). The stage 14 hindlimb expression pattern resembles the stage 13L forelimb, 
acquiring a graded pattern from posterior to anterior (Fig. 3.8Dv). The stage 14L 
hindlimb displays an area of down-regulated Ptcl expression at the most distal-
posterior edge, as in the stage 14 forelimb (Fig. 3.8Ev). 
At stage 15VE the area of down-regulated Pte] expression in the posterior forelimb is 
restricted to a very small area at the distal edge of the forelimb (Fig. 3.8Fi). Ptcl is 
high surrounding this area and decreases towards the anterior (Fig. 3.8Fi). By 15E this 
area of down-regulation is absent from the forelimb and Pte] is expressed in a 
gradient from the posterior edge to the anterior (Fig. 3.8Gii). Ptcl is highest at the 
most proximal region of the forelimb, where the radius and ulna condensations will 
form (Fig. 3.8Gii). The hindlimb at these stages continues to show a small area of 
down-regulation at the most distal-posterior edge, while Pte] expression remains high 
just anterior to this region (Fig. 3.8Fiii & Gv). 
At stage IS, high Pte] expression persists in the proximal region of the forelimb and 
is present in the digital condensations of digits 2 to 4 (Fig. 3.8Hi). The hindlimb 
expression pattern at stage 15 resembles the stage 14L forelimb. Expression is highest 
at the most posterior edge of the foot plate where in previous stages expression was 
low (Fig. 3.8Hiii). Ptcl is present at the most proximal region of the hindlimb where 
the tibia and fibula will form (Fig. 3.8Hiii). 
At stage 16VE, Ptcl is clearly visible in the forelimb bordering the digit 
condensations of digits 2 to 4 and within the condensations of digits 1 and 5 (Fig. 
3.8Ii). In the hindlimb, Ptcl borders the digit condensations of digits 2 to 5 (Fig. 
3.8Iii). In the stage 16E M natalensis and C. perspieillata embryos, Ptcl is expressed 
throughout the interdigital tissue of both the forelimb and hindlimb and is highest at 
the borders of the digit condensations (Fig. 3.8Jii-iii & Jv-vi). In the forelimb, Pte] is 
higher in the interdigital tissue between the posterior digits and is lower in the tissue 
between digits 1 and 2 (Fig. 3.8Jii-iii). This gradient is absent in the hindlimb (Fig. 
3.8Jv-vi). Ptcl persists in the proximal region of the forelimbs and hindlimbs at these 












The stage 16 M natalensis forelimb displays strong PtcJ expression bordering the 
bases of digits 1, 3, 4, and 5, while the entire length of digit 2 is bordered by PtcJ 
expression (Fig. 3.8Kii). Distinct areas of PtcJ expression are visible at the distal tips 
of digits 3 to 5 (Fig. 3.8Kii). Expression is also visible within the interdigital tissue 
between all the digits, except between digits 1 and 2 (Fig. 3.8Kii). In the hindlimb, 
Pte 1 expression is highest bordering all the digital condensations and is expressed at a 
lower level throughout the interdigital tissue (Fig. 3.8Kv). PtcJ persists in the 
proximal region of the forelimbs and hindlimbs (Fig. 3.8Kv). 
At stage 16L in C. perspicillata, Pte 1 is expressed at a low level throughout the 
interdigital tissue of the forelimb (Fig. 3.8Kiii). The expression is highest at the 
borders of the digital condensations (Fig. 3.8Kiii). Expression is absent from the 
hindlimb (Fig. 3.8Kvi). 
At stage 17 in M natalensis forelimbs, Pte 1 expression is visible bordering all the 
forelimb digits at their bases and midway along their lengths (Fig. 3.8Lii). Digits 3 to 
5 of the forelimb display an additional weak area of PtcJ expression at their distal 
tips. A similar pattern is present in all the digits of the hindlimb (Fig. 3.8Lv). 
Comparable expression is seen in the limbs of C. perspicillata, however at lower 
levels (Fig. 3.8Liii & vi). 
3.4. Discussion 
3.4.1. Dig-labelled RNA probes used for whole mount in situ 
hybridisation 
A region of the Pte 1 sequence was successfully cloned from both M natalensis and 
mouse cDNA to be used as a template for probe synthesis by in vitro transcription. 
The mouse and M natalensis sequences showed very high sequence similarity and the 
probes based on these sequences produced similar expression patterns in the in situ 
hybridisation procedure. These results indicated that it was plausible to use the mouse 
Shh and PtcJ probes on bat embryos without encountering problems of non-specific 












Shh was not successfully cloned from bat cDNA, however a region from exon 3 of 
Shh was cloned from the mouse. An additional sequence spanning the majority of the 
gene sequence was available for probe synthesis. The Shh probe based on the long 
Shh sequence (ShhProbeMl) gave the best signal with the lowest background when 
used on both the mouse and bat embryos. This longer sequence that spans several 
exons probably facilitated specific binding to more mature Shh mRNA transcripts. 
3.4.2. Comparisons of gene expression patterns between mouse and bat 
limbs, and between bat forelimb and hindlimb. 
3.4.2.1. Shh and Ptc1 expression patterns in the mouse: Early and late 
phases of expression 
The expression patterns that are observed for Shh and PtcJ in the developing mouse 
limbs correspond to previous descriptions (Echelard et al. 1993; Goodrich et al. 1996; 
Platt et al. 1997). The phases of Shh expression can be used to divide the examined 
stages of development into an early phase (ElO.O to EI2.0) when Shh is present in a 
posteriorly restricted domain corresponding to the ZPA and a late phase (EI2.5 to 
E13.5) when Shh is absent. The early phase of PtcJ expression is graded from 
posterior to anterior in direct response to the SHH morphogenic gradient across the 
anterior-posterior axis (Marigo et al. 1996a; Lewis et al. 2001). During the late phase, 
PtcJ is expressed in the perichondrium of the bone primordia in direct response to 
another hedgehog signalling molecule, Indian Hedgehog (Ihh) (Platt et al. 1997). Ihh 
is expressed by the proliferating cells of the developing cartilage elements (Vortkamp 
et al. 1996). Additional regions of PtcJ expression develop around the digital rays as 
each digital cartilage element begins to form, maturing sequentially along the 












3.4.2.2. Early phase Shh and Ptc1 expression patterns in the bat: 
Enhancement of the Shh-FgfB feedback loop facilitates the expansion of 
the bat hand plate 
During the early phase of Shh and Ptc1 expression (13L to 15E), the patterns observed 
in M natalensis and C. perspicillata limbs are very similar to that in the mouse. 
However, the timing of the initiation of expression differs slightly between mouse and 
bat. In M natalensis Shh expression is only detected in the ZPA at stage 13L in the 
forelimb and 14E in the hindlimb. The corresponding PtcJ expression is very low and 
is not graded across the anterior-posterior axis. At these stages the limb buds are 
considerably larger than the E10.0 limb buds when Shh is first detected in the mouse. 
The apparent delay in the initiation of Shh expression in the bat could simply be an 
effect of using a cross-species RNA probe that is based on the mouse Shh sequence. It 
is possible that Shh is present in the stage 13 bat limb bud, which is equivalent in size 
to the E10.0 mouse limb, however at concentrations too low for a cross-species probe 
to detect. 
The spatial extent of the Shh expression pattern at stage 14E and 14 in the bat 
forelimbs may, however, provide evidence that the delay in the initiation of the Shh 
signal is a true biological phenomenon. At these stages, the domain of Shh is 
anteriorly expanded in the M natalensis forelimb and to a lesser extent in the C. 
perspicillata forelimb. At equivalent stages in the mouse Shh expression hugs the 
posterior edge of the limb bud. An expansion in the Shh signal has been implicated as 
part of the Shh auto-regulatory mechanism (Sanz-Ezquerro & Tickle 2000). Removal 
of ZP A cells by surgery or a reduction in Shh signal by the application of a signal-
transduction inhibitor has been shown to lead to an expansion in the domain of Shh 
expression (Sanz-Ezquerro & Tickle 2000; Scherz et al. 2007). Shh is able to buffer 
its own expression, with more cells being induced to produce Shh if a loss of signal is 
detected (Sanz-Ezquerro & Tickle 2000). The apparent expansion in the Shh signal 
observed in the bat forelimbs could be due to an induction of this buffering 
mechanism. The initial lack of Shh may stimulate an expansion in the population of 













This expansion in the Shh expression domain at stage 14 mirrors an expansion in the 
FgfB expression domain in the AER (Cretekos et al. 2007). FgfB in the AER of stage 
14 C. perspicillata forelimbs is 2.7 to 3 times wider in the bat than in equivalently 
staged mouse forelimbs (Cretekos et al. 2007). This phenomenon has also been 
described in the limb buds of Bmp mutant mice, which display expanded FgfB in the 
AER due to a lack of antagonism from BMP's (Bandyopadhyay et al. 2006). These 
mice also exhibit an expanded Shh expression domain (Bandyopadhyay et al. 2006). 
This phenomenon is explained by invoking an up regulation of both signals through 
the Shh-Fgffeedback loop in which these two signals reciprocally activate each-others 
expression in the ZP A and AER respectively (Bandyopadhyay et al. 2006). 
Interestingly, the Bmp mutant mice display posteriorly expanded limb buds, which is 
explained in terms of enhanced cell proliferation in response to the enhanced Shh-Fgf 
interaction (Bandyopadhyay et al. 2006). The expanded Shh and FgfB domains in the 
stage 14 bat forelimb support the hypothesis that the same phenomenon may be 
occurring in the bat limb. Shh expression in the ZP A may be expanded by Shh 
autoregulation, leading to expansion of the FgfB expression domain in the AER 
through the Shh-Fgf feedback loop. This phenomenon could lead to an increase in cell 
proliferation and cell survival, thus explaining the posterior expansion of the bat hand 
plate at stage 15E relative to the mouse E12.0 forelimb. 
While the Shh expression domain is expanded in the bat forelimb, this does not occur 
in the hindlimb. Neither has an expansion in the FgfB domain been reported for the 
hindlimb of C. perspicillata (Cretekos et al. 2007). The mechanisms that may allow 
the posterior expansion of the bat forelimb are absent from the hindlimb. As a 
consequence, the stage 15E bat hindlimb is equivalent in size and shape to the E12.0 
mouse hindlimb. 
This apparent expansion of the Shh domain in the stage 14 forelimb and the lack 
thereof in the hindlimb of the bat should be confirmed with additional samples. After 
in situ hybridisation the limb buds may be processed by cryostat sectioning and the 
spatial extent of the Shh expression domain may be measured and compared to that in 
the mouse. Due to time constraints and restricted sample size, this data was not 












3.4.2.3. Early phase Ptc1 expression patterns: Posterior Ptc1 is down-
regulated in both mouse and bat limbs 
In both mouse and bat limb buds, Ptc1 is down-regulated in a distal-posterior domain 
soon after acquiring a graded expression pattern across the anterior-posterior axis. 
This region of down-regulation corresponds to the area of high Shh expression. High 
Ptc1 signal returns to this region when Shh expression decreases (EI2.0/stage 15E in 
the forelimb; EI2.5/stage 15 in the hindlimb). Previous descriptions of Ptc1 and Glil 
(another target of Shh signalling) expression patterns in the developing mouse limb 
have also noted this area of down-regulation, indicating a loss of Shh-responsiveness 
in these posterior cells (Goodrich et al. 1996; Platt et al. 1997; Ahn & Joyner 2004). 
Recently, Scherz et al. (2007) claimed that a down-regulation of Ptc1 does not occur 
in these posterior cells. Scherz et al. (2007) aimed to provide support for the model 
that the most posterior digits are differentially patterned due to differences in the time 
of exposure to continued high-level SHH activity (Schertz et al. 2007). This model 
requires that the cells of the developing digits maintain continued SHH-
responsiveness as long as the SHH signal is present. However, it is clear from this 
study of Ptc1 expression in both the mouse and bat (and from Fig. 5K of Scherz et al. 
2007 showing Ptc1 in an El1.5 mouse forelimb) that the most posterior cells stop 
responding to SHH despite the high concentration of this signalling molecule in the 
ZP A. It is important that this factor of SHH signalling is incorporated into the model 
for anterior-posterior patterning of the limb. It is possible that a threshold response to 
the SHH signal is responsible for differentially patterning the most posterior digits 4 
and 5, which both consist entirely of ZPA cells (Harfe et al. 2004). The cells that will 
form digit 5 may be differentiated from those that will form digit 4 by a temporal 












3.4.2.4. Late Shh and Ptc1 expression patterns in the bat: Re-initiation of 
the Shh-FgfB feedback loop facilitates the elongation of the forelimb 
digits and the survival of the interdigital webbing 
Shh is absent by E12.0 and E12.5 from the mouse forelimb and hindlimb respectively. 
Shh is also absent from the bat limbs from stage 15E to 15. As in the mouse, PtcJ 
expression during these stages changes from being expressed in a gradient across the 
anterior-posterior axis to being confined to the perichondrium of the developing 
skeletal elements of the limb. 
Surprisingly, during stage 16 Shh expression returns to both the forelimb and 
hindlimb of M natalensis and C. perspieillata (Fig. 3.9). This novel expression 
begins at stage 16VE in the most distal region of the forelimb in the tissue between 
digits 3 and 4. By stage 16E, expression is visible throughout the interdigital tissue of 
the forelimb and hindlimb. Expression persists, though at lower levels, through to 
stage 16 and 16L in the hindlimb and forelimb respectively. During these stages, Pte1 
is expressed in the interdigital tissue in response to the novel Shh expression, as well 
as being expressed at higher levels in the perichondrium of the developing digits, 
most likely in response to Ihh (Fig. 3.9). 
Interestingly, Gremlin and Fgf8 a e also expressed in novel domains in the interdigital 
tissue of C. perspieillata at stages 16 and 17 (Weatherbee et al. 2006). Shh, Fgf8 and 
Gremlin are all integral players in the Shh-Fgf feedback loop that promotes the 
outgrowth and expansion of the limb bud earlier in development (reviewed in Zeller 
& Zuniga 2007). The observed up-regulation of all three of these genes in the 
interdigital tissue supports the hypothesis that the Shh-Fgffeedback loop is initiated 
for a second time during bat limb development (summarised in Fig. 3.10.). 
In the stage 16E forelimb, Shh is highest in the posterior two interdigital spaces and 
lower around the developing thumb. This Shh expression is complimentary to the 
expression pattern of Gremlin, which is higher in the anterior interdigital tissue than 
in the posterior (Weatherbee et al. 2006; Fig. 3.10). Earlier in development, Shh in the 
ZPA activates Gremlin expression in the limb mesenchyme, however, the Shh 












Nissim «/ ai, 2(}()(i). Th~ complimentary novel domains of these genes suggest that the 
same is true when these genes are up-regulated later in development in the bat 
forelimb. 
Embryonic Forelimbs Hindlimbs 
Stage 
Shh Ptc1 Shh Ptc1 
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Fig 3.9 Summary of the late phase (stages 16VE to 171 of Shh and PI<:1 expression in the 
forelimb ~nd hindlimb of ",_ n.talgnsi,,_ Shh (red) eXF"e.sion is F"e.enl at low level. in Ihe interdigital 
ti. sue between ~ts 3 and 4 in the stage 16VE forelimb_ but is absent frern the hindlimb. At stage 16E 
SfIIl eXF"e.sion expand . to the remllining interdigit.1 space. _ is e:q>re •• ed in a gradient frern 
posterior to anterior, By stag<' 16 Shh expression recedes to the interdigital space between digits 3 and 
4, and is also present aliower levels at the borders of digits" and 5_ In the hindimb, Shh is expressed 
uniformly throughout the interdigital tissu e at high and low levels at stag es 11310 and 16 respectively, At 
stage 17. Shh is ~bsenl from both too forelimlJ and hindlimb, From stages 16E to 17, ptc1 (>"''Pie) 
e~pression in the interdigital 1i$""" oorresp<>n<1s to the Shh expressiO<1 in this """"'in. ptcl is aloo 















Fig, 3.10 A model for the nHnitia\ion of the Shh·Fgf feedback loop in the inlerdigital ~ssue of t~ 
sto ge 16E bat forelimb. Shh (rM) is exr;resstld in the ioIerdigilaltissue oflhe stage 16E forelimb in ~ 
gradiflnllrom ~lerior to anterioc. This novel expressioo .,ads to the subsequent activation of Bmp2 
(~ue) expre. sioo in a corre.ponding la . h.,..,. Bmp2 then acti.",,,,, Gremlin (green) in" complimentary 
dO/'r'll!in (",aded from 3n!erior I<J f>OOIerior), with the high""l ""F"essioo Iocaled in the ioIerdigilal tlMue 
t>etween digits 2 and 3. Gremlin acts to suppress BfrlJ;; in the interdillHai tissue, allowirlg fgfB (C><lfIge) 
to he expressed in the interdigit31 ti • ...., in a gradient from posterior to ~ nterior. FgfB exprosoion then 
feeds back to promote 5/,/, exp,,,,,sion in the inte<dig ital l ssue. Fgf8 is also located w~hin the AER 
bordering the hand plate_ Bmp. Gremlin arvl Fgf8 expre.siw polttern o based on Weatherbee at aI. 2000. 
limp2 is suggested to be the link between Shh and Gremlin expression in the Shh-FfJf 
feedhack loop, activating the expre"ion of its own anlagonist (Nissim e/ a/. 201Xi). In 
Weatherbee el a/. (2006). Bmp2 expre >sion is deteded in c<)(Te>po"ding regions to 
Shh in lhis study (Fig. 3.10). Early in stage 16 both arc highest in the posterior 
;l1terdigi tal tis> l.Ie, while later, both are highest between digits -' and 4. ThllS, il is 
IX'ssible that in the bat forelimb between stages 16 and 17, Shh is activating Bmp2. 
which in tum is activating Gremlin expressi(ffi 
Ouring limb boo outgrowth, lhe activation 01" Grem/in in the mesenchyme is 
suggested to promote J-:o;(expression in tbc AER, through the suppression of liMP's 
(Zuniga 1'1 at. 1999). Fgjli in the AFR th"'l activates Shh expression in the 7PA, 











forelimb, Shh (this study) and Fgf8 (Weatherbee et al. 2006) are both expressed at 
high levels in the posterior interdigital tissue (Fig. 3.10). Thus, it is possible that this 
re-inaction of the Shh-Fgffeedback loop differs from the earlier signalling loop in that 
Shh and Fgf8 are able to promote each other's expression in the same domain rather 
than in the ZPA and AER respectively. 
Weatherbee et al. (2006) suggest that the combination of Fgf8 and Gremlin 
expression in the interdigital tissue of the bat forelimb leads to the webbing of the 
digits by activating cell survival and suppressing the apoptotic effect of BMPs. It is 
likely that Shh is responsible for the activation of these genes and the combined effect 
of all three genes in the interdigital tissue of the bat forelimb has facilitated not only 
survival of the interdigital tissue but also the lengthening of the posterior digits. 
This model is supported by studies in the chicken where the application of SHH to the 
interdigital tissue of developing limbs leads to the lengthening of the digits and the 
survival of the interdigital tissue (Dahn & Fallon 2000; Sanz-Ezquerro & Tickle 2000; 
Sanz-Ezquerro & Tickle 2003). Ectopic SHH, provided in the form of SHH soaked 
beads, acts by prolonging the expression of Fgf8 in the AER at the digit tips (Sanz-
Ezquerro & Tickle 2003). This extended Fgf8 signal could act as an anti-
differentiation signal, promoting the proliferation of the mesenchyme cells in the 
digital rays while inhibiting their differentiation into cartilage (Cassanova & Sanz-
Ezquerro 2007). The result is the elongation of the last phalange of the digit, and often 
the formation of an extra joint at the end of the digit, while the more proximal 
phalanges are not affected (Dahn & Fallon 2000; Sanz-Ezquerro & Tickle 2000; 
Sanz-Ezquerro & Tickle 2003). 
In the posterior digits of the bat forelimb each bone is elongated and no extra 
phalanges are formed. This widespread elongation effect may be due to the activation 
of Fgf8 by Shh throughout the posterior interdigital digit tissue rather than just in the 
AER, exposing the metacarpals and each phalanx to the Fgf8 signal. The lack of extra 
phalanges in the bat forelimb digits could be due to the high levels of Shh surrounding 
the digits. Retroviral-induced misexpression of Shh at high concentrations within the 
digital rays of chicken limbs blocks the formation of joints (Merino et al. 1999). In 












control of a procollagen gene promoter blocks joint formation and promotes cell 
proliferation (Tavella et al. 2006). Thus, the high Shh concentration surrounding the 
forelimb digits in the bat may have the same effect, allowing the cells of the digital 
rays to proliferate and suppressing the joint formation pathway until after Shh 
expression ceases. In contrast, the level of SHH provided by the beads in the ectopic 
expression studies in the chicken limbs (Dahn & Fallon 2000; Sanz-Ezquerro & 
Tickle 2000; Sanz-Ezquerro & Tickle 2003) may not have been strong enough to 
block joint formation, thus resulting in the development of extra phalanges. 
While the posterior digits of the bat forelimb are elongated and webbed, digit 1 and all 
the digits of the hindlimb are not. In this study and in Weatherbee et al. (2006), all the 
players in the Shh-Fgf feedback loop are activated in the interdigital tissue of the 
hindlimb and in the interdigital tissue surrounding digit 1 of the forelimb. However, 
the expression levels of the Shh-Fgfloop genes in these locations seems to be lower 
than in the posterior forelimb and expression is present for a shorter duration. The 
brief up-regulation of the Shh-Fgffeedback loop in the hindlimb from stage 16E to 16 
at a uniformly low concentration may be enough to promote cell proliferation in the 
proximal footplate. This would explain the proximal expansion of the bat footplate 
that occurs during these stages and the resulting uniform length of the bat hindlimb 
digits. However, the brief exposure to the cell survival and proliferation signals of the 
Shh-Fgf feedback loop may not be long or strong enough to suppress the apoptotic 
signal from the BMPs in the interdigital tissue. Thus, while the webbing persists in the 
posterior interdigital spaces of the forelimb, digit 1 of the forelimb and all the digits of 
the hindlimb are free of webbing. 
Sears et al. (2006) suggest that the differential patterning of' the bat forelimb and 
hindlimb does not begin during these early stages of limb development. They state 
that prior to stage 20, when cartilage development is underway in the digits, the bat 
forelimb digits do not display signs of elongation. Sears et al. (2006) suggest that at 
stage 20, an up-regulation of Bmp2 expression in the digits of the bat forelimb 
promotes increased proliferation of the chondrocytes leading to the development of 
longer bones. In this study, it is clear that the molecular processes leading to 
differential skeletal structure of the bat forelimb and hindlimb are underway during 












proximal-distal axis of the developing digits in the bat forelimb than in the bat 
hindlimb and the mouse forelimb. This observation provides evidence that the 
primordia of the bat forelimb digits are longer than those of the mouse as early as 
stage 16. It is likely that the increased Bmp2 expression in the forelimb digits relative 
to the hindlimb at stage 20 is not due to a change in Bmp2 regulation, but is rather due 
to the larger population of cells in the digit primordia of the forelimb. The larger digit 
primordia are established by the cell proliferation and survival signals of the Shh-Fgf 
feedback loop prior to cartilage formation. 
3.4.3. Comparisons of gene expression patterns between M. nata/ensis 
and C. perspicillata ') 
There is little difference in the spatial and temporal expression patterns observed for 
both Shh and Ptc1 in M natalensis and C. perspicillata. This observation supports the 
hypothesis that the molecular mechanisms for forelimb and hindlimb development are 
constant within the Chiropteran super-family, Verspertilioniformes. Slight differences 
in the expression pattern of Shh may account for the differences in wing shape 
between the two bat species. Such differences include the extent of the anterior 
expansion in the early phase of Shh expression and the extent to which Shh expression 
is graded across the interdigital tissue during the late phase of expression. In the 
developing M natalensis forelimb a very clear gradient in Shh expression is visible at 
stage 16, while this gradient is not as clear in C. perspicillata. This difference in Shh 
expression during limb development may contribute to the differences in digit length 
between the two species. Digit 3 of the adult M natalensis forelimb is longer than that 
of C. perspicillata. As a result, M natalensis have longer, narrower wings with a 
slightly higher aspect ratio (wingspan2/area) than those of C. perspicillata (6.34 for 
M natalensis at De Hoop Nature Reserve (Miller-Butterworth 2001), 6.1 for C. 
perspicillata (Norberg & Rayner 1987)). Interestingly, the aspect ratio for M 
natalensis populations across South Africa ranges from 5.11 to 8.03 (Miller-
Butterworth 2001). Shh expression analysis in embryonic specimens from a variety of 
M natalensis populations may reveal whether this variation in adult wing shape can 













Gene expression analysis has revealed that changes in the spatial and temporal 
expression patterns of the anterior-posterior patterning signal, Shh, and its 
downstream target, Ptcl, have contributed to the development of the unique bat limb. 
The expansion of the Shh expression domain during early limb development may be 
responsible for the reported expansion of Fgf8 expression in the AER (Cretekos et al. 
2007). The enhancement of this growth factor may contribute to the expansion of the 
forelimb hand plate by stage 15 of bat development. Later in development, a novel 
domain of Shh expression allows the re-initiation of the Shh-Fgffeedback loop within 
the interdigital tissue. The cell survival and proliferation signals involved in this 
signalling loop most likely contribute to the lengthening of the posterior forelimb 
digits and the survival of the webbing between the extended digits. The thumb and 
hindlimb digits experience these signals, however, for a shorter duration and at lower 
concentrations. Such exposure may be sufficient to ensure the equal length of the 
hindlimb digits, but does not lead to extensive elongation of the hindlimb digits or the 













Conclusions and suggestions for future research 
The field of evolutionary developmental biology focuses on deciphering the 
molecular mechanisms behind the morphological diversity of the animal kingdom. A 
central hypothesis in this area of research is that evolutionary changes in anatomy are 
more likely to be brought about by alterations in the regulation of key developmental 
'toolkit genes' rather than through changes in protein sequences (Carroll et al. 2005). 
Changes in the spatial and temporal regulation of these genes allow the 'old genes to 
perform new tricks' as their existing functions are recruited to devise novel 
phenotypes. 
This study has shown that the recruitment of the early anterior-posterior patterning 
signal, Shh, to a novel time and space during limb development has contributed to the 
development of the unique limb morphology in the bat. Early in limb development, 
Shh in the ZP A interacts in a positive feedback loop with Fgf's in the AER to ensure 
the outgrowth of the limb bud (Niswander et al. 1994; Vogel et al. 1996). Preliminary 
evidence suggests that this early signaling loop has been enhanced in the bat forelimb, 
leading to an expansion in the Shh (this study) and Fgf8 (Cretekos et al. 2007) 
expression domains. The enhancement of these signals may be the cause of the 
posterior expansion of the hand plate evident at stage 15 of bat development. 
A few stages later, the Shh-Fgf feedback loop is activated for a second time in the 
developing bat limb and recruited to new domain within the interdigital tissue (Shh: 
this study; Fgf8, Gremlin, Bmp2: Weatherbee et al. 2006). Here, it is likely that the 
cell proliferation and survival signals provided by the Shh-Fgf signaling loop are co-
opted to perform the novel dual functions of lengthening the posterior forelimb digits 
and promoting the survival of the interdigital tissue. The expression of the Shh target 
gene, PtcJ mirrors this novel expression pattern, indicating that the Shh signal is 
active in its new domain. While these signals are recruited to the same novel 
expression domain in the hindlimb and in the tissue around the developing thumb, the 












signals are uniformly expressed across the hindlimb interdigital tissue, rather than in a 
gradient, as in the forelimb. It is possible the short exposure to these factors lengthens 
the primordia of digits 1 and 5 of the hindlimb, but is insufficient to extensively 
lengthen the remaining digits or suppress the apoptosis of the interdigital tissue. As a 
result the digits of the hindlimb and the thumb are free of webbing and the foot plate 
lacks differential patterning along its anterior-posterior axis. 
In situ hybridization has allowed the characterisation of the spatial and temporal 
expression patterns of Shh during bat limb development. Additional experiments, such 
as quantitative RT-PCR analysis on equivalently staged bat and mouse limbs, will 
provide confirmation that the genes involved in the Shh-Fgfloop are up-regulated in 
the bat at stage 16 but not in the mouse. Such experiments may also reveal differences 
in the level of up-regulation of these genes between the bat forelimb and hindlimb. 
Further gene expression analysis is also required to expose the effect of the re-
initiation of the Shh-Fgf loop on digit growth and differentiation. Analysis of the 
timing of expression of the joint specific marker, Gdf5 (reviewed in Casanova and 
Sanz-Ezquerro 2007), may reveal that joint formation is delayed in the bat forelimb as 
a result of extended exposure to SHH. This delay would allow the digit primordia to 
increase in length, without the formation of extra phalanges. 
The dual analysis of Shh and Ptc1 expression In both M natalensis and C. 
perspicillata has revealed that the novel expression domains of these genes are 
common within the chiropteran sub-order Verspertilioniformes. This observation 
suggests that the mode of wing development is constant within this taxon and 
supports the monophyly of the group (Teeling et al. 2005, Eick et al. 2005). Subtle 
differences in the spatial extent and timing of Shh expression in the forelimbs of the 
two species may allow for variation in the lengthening of the digits and lead to 
differences in adult wing shape. The analysis of Shh and Ptc1 expression in the 
developing limbs of a species with a very different wing shape to M natalensis and C. 
perspicillata, such the long narrow wings of the mollosid bats, may provide further 
support for this hypothesis. In addition, analysis of the expression patterns of these 
genes in a species from the Pteropodiformes, the second chiropteran sub-order, will 
reveal if the mechanism of wing development is constant within the Chiroptera and 












If this hypothesis is true, then the mode of regulation of Shh expression in the limb 
should be constant throughout the Chiroptera. Sequence analysis of the Shh limb 
specific cis-regulatory region, known as the ZP A regulatory sequence (ZRS), from 
diverse bat species and comparison with other mammalian species would reveal if any 
bat-specific sequence alterations are evident. The function of any bat-specific 
sequences alterations may then be tested by introducing these sequence changes into 
the mouse ZRS and observing if the altered regulatory region is able to direct novel 
Shh expression in the mouse and perhaps result in bat-like phenotypes in the mouse 
limb. 
This study has provided further insight into the mechanisms behind the morphological 
diversity of the animal kingdom and may inform future studies of similar anatomical 
anomalies evident among the mammals. The aye-aye (a species of lemur: 
Daubentonia madagascariensis) and the long-fmgered triok (a species of possum: 
Dactylonax palpator) are examples of mammals that have similarly elongated digits. 
While all the posterior digits of the bat forelimb are elongated, only digit 3 and digit 4 
are elongated in the forelimb of the aye-aye and long-fingered triok respectively. It 
would be fascinating to reveal if the same 'toolkit genes' have been altered in these 
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Table A. Details of the primers used for Shh peR's. Groups indicate combinations of forward and 
reverse primers that were used together. ShhFwd1b and ShhRev1a were used successfully to isolate a 
region of Shh from mouse cDNA. None of the primers worked successfully on M. natalensis cDNA. 
Letters in brackets indicate degenerate nucleotides. I - Inosine. 
Primer name 


















Primer sequence (5'?3') 
AGA CGA IGG IGC CAA GAA GGT C 
AGC CAA GAA GGT cn CTA CGT G 
AlA TIT GGT AGA GCA GCT GCG A 
ACC AGG TGC CIA TIT GGT AGA G 
GTI ATG AA(TC} CA{AG} TGG C 
CGA {GA}TA CCA {GA}TG {TGA}AT IC 
TCG TA{GA} TAl ACC CA{GA} TC{GA}A A 
AGA AAC TC{CG} GA{GA} CGA Tn AA{GA} GAA CT 
AC{ATG}G A{CnG TGG TGA TGT CCA C(TC}G 
ACC AA{Cn GT{AG} GC{CG} GAG AAG ACC CT 
AGTG ATG AA{Cn CAG TGG CCI GG{ACG} GTG AA 
A TC AGC TGG ACT TGA C(TCG}G CCA T(TGC}C CCA 













aouoe t'CC~,"""CAGC,>.TAC=C~""~~~CTCc'n"cer.TC<;AC"""'C7TrI" "'CCCn=AATTCC~A~7~~~lloAC7""CMG= 
< a t <CCC~""C.>.OC~~""C~CCUG=hAOCC7CCn7A=""'GACJ.MC=ccCCneG""TTCC'J.(;""""C:nAAAGAA.'.lo.~J.MC7ACc>'>'C7= 
d<><J 'C=CAr.CA7ACC~ACn=~MGCCt'CC=CA<i=C>.AAC=GACCCTnGGAA:rTCC'<=>Jo.,",,~nJ.MQ.J.M~J.MCT"=->A""= 
h~ 'CTC~""G>.GCA7""Ct'CCT""=:u.ACCTCC=C='~""""C7t'C""CCCTn~G""'l't'CC'~GAA""c:n~~ ........ cn7C>.>.GT= 
Cono .................................... ... . ......... . ..... .. . . . ........... . ........... , .... .. 
• ouoe ACAOC=O;'O'C.AA>.~GC7G""~~C ""'""7rGGCCAT=~AC>.~=w;C=C ..,.OCC7Cl.ACCC""CCGACCC~'"...cCC'<'CCOAC>.OCCCC 
rot ACA~7TCe'""C'"""""...c7G""~""""'".cCI;A""Tl'CeCC"Te=T>.CUr.r,>.CCCeCC,.."...cCTCAA'CC"=C'"""CCAGAT7=ccrocC>.G>.GCCCC 
doo .. "."'''r'.<=~=C'GAA~AA>.r.C7<iAA=7CAT=T7ACnc:r,>.CCCeCCC7r.CC7CA1o.CCC=rG>.t'CCGGAC7GCCC=CACJ.GCCCC 
h~ ACAOC=GA~7GC7GAA~AA=7GAOGn'O(;."l'CJ..= •• ACA7=w;CGCCCC7OCC7CM'CCOGCCGAt'CCA""C=CCCCGC~CCcc 
Con. .. ... . ...... . .. .... . ....... , .. . . ..... . ....... , ..... . .. ......... . .................... . 
• ou.~ 'AAC .............. nCAACG:u.ACC7CTTGAT~7=cCCTT~nT7GAA=G7=>.=T CMGG~T7A~CCJ'.=>Jo.GTA7 .. roc .. nGGCAG~~T'""n 
U~ CMC~"C""CCAAACC'l'CT . ,"".~",,=cc""Gn""GAAC=7GGA'l'G. C"""GT'M'At'CC1\GGAA~"!'''7ANCA''''= " 
doo ClUC!U\AAA<'GChACC>.1\ACC'1'Cn"""'Tr.cccC"e<"T'GAA"-..c=<;ATC""",e",,,",,UCCAG"""="C"<'GC>.e=>.r.GAr.GAAC=>.n 
h~ CAAC .............. nCAACCAAAcc7Cn .... TA7=CCTTGTTT7GAA7~G7=>.7~TCUGGCT7 .. t'CCAG.>.AAGTA7 .. =ACT=~TTG>.n ... ,.............. " ............................... " .................... ' .............. . 
• ouoe ~7=..,.GC...,.ACC~'t'CMGAA=G>.C=~"""~..,.C""CGC .CACO:CCC'l'GCJ.MCCA.~7t'CCAGT!'M!'GACTCCG"""G ....... ",;T"'l'CAACAC . 
r~ 0 ==C:CCA<; C~~ChAGAAC CCCACTC <;AMCeT, e TC""cr.c ' CA ,eco CTr.c>.AACGA '~"""'CCAG'l'ThA ~r,>.C~CCC1\AGCMII ~OT"=>.AC>.C ' 
doo ~7=7=c>.CA~7C~AGCACC~G<iAAGCn~7CAGCO:CCCACO:CCC7OC ........ CCA=TrTc..<;...,.."AArG>.Ct'CCC>.>.~G ....... =nCGAACAC. 
hU<Nn CTr.oc'l'C:CCAC .. et'CMGAACAGCACTo;~~l'CAOCGCCCA.~CCCTr.cAGACCA. C7t'CCW."""'AA!'GACt'CCCMeCJoM",;~ .. cr,>.r.cAC' 
Con. ........ .. ....... . ................................................................... 
~"u'. TCMr.eC:CT>.C<a="TCT=C=CUChACTGGAA~GAA=C>.Gc:cc>.c:cc=cuc=to>.GGCc,er.CAG>.G(:>-c,",,""=r.~'CA=A 
rat TC~7>.C'""Cn7~TCt'C7CAC .. t'CAACTGGAA7,",,~""T~CO:CCAt'CC=,",,=CJ'.T=AGAOGACT7AC~7=="nCA7CA 
d"'J .c""cer~7"Tr'>'<;'''!'''7G.Ct'CACACA'''''hAc,eG''''T''''C<;ACA>.(".cc>.r.cAr.cCUC=GAr.c","="""c""c"TU""".GAr.=ccnr.",I'C" 
h"""n TCAA=7ACGAG'I:"='=C>.C"CUCAACTGGAAC,""c=CAAAoc=CAGC",,~cc7=ccTe=AG>.=CA7A=7=>.GG7GGnCA7CA 
Con. .. .... " .......................................... " ............. " ........ ,,, .. ,, .. 
DOu.~ AA=C7COCCCCAJo.JlCTCc>.C,~eCT'CCC :l'TCAClUCC>.e,"""C=,"",,<a""TCC~AAAA~CC''''C::i'C=>'~~''''''G7r.TCA7CCGAG',," 
rat AA~l:'G'l'TOCCCCAAAC7CC>.CttAAA.'o.GGTO:CTT7CC T7CACCACCACt;ACCC=t;ACG>.CA.CC~ .......... t'CC:rt'C7CTGA""'TCA~7G.CA7CCGH;.= 
d<>q 1\AC=~CTCCAAACTCC"""'C>.G>.MC TCCT=C :rTCAC""CC>'chAccc~r.GA~r""""TcC~<;>'>'=CC'l"<CT"'!T""='''''CCr.'''''=C''''= 
n, ,,",, GA~=7CGCACAGAAC7CCACTC~TGCn7CC~7CACCACCAC,"""CC7=>..CGACATCCTGAAATCC=::i'CTGAC~TC>b7GTCA7CCGC~~ ................ " ... .............................................. , ....... " ...... . 
~u.. GCCAOC~C7ACC7AC7GA~GCT7GCC'l'''.~CC .G"",MCCA''';C'l'ocO:C.OGGACTo;C7CCM~.CCCAGGGNCC,""=.=,",,CC .G. 
rat =CA=CT>.CCT"""'''''TCC:!'TCC C'T''='=ThACCUC=ccc' ccr",,=cCTCChA~KCC>.c:C=ccc~,ee=='CO,,", 
do,," O:C7"G=~>.CC~CCTGAT=T7OC C7"TGCCT~UTAACCAroc7(;C=rocGA7=C::i'CCAAGTCC e>.=G=CCGT==T=~TCC~~T 
hu"",n GCCACCC=>.C" AC. CA. ec. cr.cC'l'". ecc, e =''''-CCUGCTr.cOCNGGA'''''GC'l'CChAG. CCCAGG<.TCcc """",r.cC')'Gcc, r= r. , co ,!<".c 
Can . .................................................................................. '* ..... . 
(- >'te E . " 
,""u. e =7==T<>TCA='=""=:r=GOCCTC:rr.C 'CC'T,"",.."...cCA~HCT=1\A=GACAA-C'''''C=:r<:CCG="",cc,cnr.c 
r~t 7~TrnCAC"'''''CAG'==GGAT::i'=CTC7OCTCCnGAT::i'=CUT::i'CCTTrAA7GC::i'=''''CAAC7CAGGTrT::i'=CATT7C.=CTTGG 
"'" ~~:rTCC>.C'=G""TC~C'<'OCA~'""""=Cl:'G7GC ' CA"o;.o..C~T'M'CC'M'TAACGCTr.c.».CMC .GAGC."""""O:CCAT'M'CTCC"""""~r. 
hUa." TCCT'rOC>'cTGTC"""'CeC~C""CGACTeC:CCC~C'>(".c .CA"o;.o.. Cr.G"""""CCTTT1'u\.C=r.c.».ChAOT""CCTTT 'GCCA~=CCCTCnCG 
Con. • ................ " .......... " .......................... '* ........................... .. 
Fig, A 1 Clusta lW alignmenl of h i gh l ~ conseNed r~gions of th~ mouse IENSMUSTOOOO 0021921), rat (ENSRN OTOO000008497), dog (ENSCAFTOO OOOOO1978) and human 
(ENSTOOOO03319201 PIcl cDNA sequence. showing region. used to de.ign the Plcl PeR primers (shaded re!lon . ) Plcl f'wd .. I"""ted at positio<1 ~2 at the mouse Ptcl 
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